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SUMMARY

The primary objective of this Phase I Program was to ldentify, define
and develop technology for the design of advanced combustors, with signifi-
cantly lower pollutant exhaust emissions levels than those of current tech~
nology combustors, for use in advanced CTOL commercial aireraft engines. The
afforts in this l3-month program were specifically directed toward screening
and evaluating a large number and variety of combustor design approaches for
obtaining low carbon monoxide (CO), unburned hydrocarbons (HC), oxides of
nitrogen (NOx) and smoke emissions levels.

The key task elements of these efforts involved the definition of
advanced combustor design approaches for obtaining the cbiective low pollu-~
tant emissions levels, the aeromechanilcal design of CF6-50 epgine-size
versions of these approaches, the fabrication of full annular versions of
these combustor designs and the developmental evaluation of the combustcr test
configurations. These test configurations were designed to fit wichin the
combustor housing of the current production versiorn of the General Electric
CF6-50 engine and were evaluated, at elevated pressures, in a tast rig which
exactly duplicates the combustor housing of the CF6~50 engine In addition
to detailed emissions level data, detailed data on the other important
performance characteristics of each test configuration were also obtained.
Also, data were obtained on the noise characteristics of several of the
combustor test configurations.

Versions of four basic advanced combustor design concepts, involving a
total of 34 test configurations, were evaluated in these development efforts.
Specifically, CFé6-50 engine-size versiona of NASA Swirl-Can-Modular Combustors,
Lean Dome Single Annular Combustors, Lean Dome Double Annular Combustors and
Radial/Axial Staged Combustors were evaluated. Encouraging results were
obtained with versions of the latter two design concepts. Both of these
concepts feature the use of two discrete zones within the combustor, with
which the combustion process may be appropriately staged, to minimize CO and
HC emissions levels at low engine power operating conditions as well as NOy
and smoke emissions levels at high engine power operating conditions. With
versions of these two deslgns, CO and HC emissicns levels at or near the
target levels were obtained. Significant reductions in NO, emissions levels
were also obtained with these two advanced combustor design concepts, although
the low target level was not attained. In addition, smoke emission levels
below the target value were obtained. In addition, the other important
performance characteristics of these advanced combustor designs weie found
to be generally satisfactory, considering the early stage of their development.

Based on these results, it is concluded that significantly lower CO,

HC and NOy emissions levels than those of current technology combustors, along
with low smoke emission levels, are obtainable with staged combustor design
concepts, such as the two concepts evolved in this program. It is further
concluded that acceptable ground ignition and altitude relight performance

can be expected with versions of these two staged combustor designs. However,
it 1s anticipated that obtaining acceptable exit temperature characteristices,
combustion stability characteristics and combustion efficiencies with these
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advanced designs at all engine operating conditions, particularly at the
intermediate power operating conditions, will necessitate substantial
additional development efforta. Extensive further development efforts appear
to be especially needed to define the preferred means of staging the combustion
process within these complex and sophisticated combustors and to define the
additional engine fuel control and supply systems capabilities needed to
operate such combustors. Tius, it 1s concluded that significant additional
development efforts will be required to provide versions of these staged
combustor designs suitable for use in engines,




INTRODUCT ION

Within recent years, the number of. turbine engine-powered alrcraft in
both commercial and military service has increased at an extremely rapid
rate. This rapidly increasing usage of turbine engine-powered aireraft has
logically resulted in increased interest in assessing the contributions
of aircraft turbine engines to the air pollution problems confronting many
metropolitan areas throughout the world, Therefore, several studies to define
the extent of these contributions have already been conducted and others are
in progress, In general, the studies conducted to date have shown that the
overall contributions of aircraft turbine engine operations to the air pollu-
tion problems of metropolitan areas are quite small, as compared to those of
other coatributors (Reference 1). These studies have also shown that the
exhausts of aircraft turbine engines generally contain low concentrations of
gaseous and particulate emissions considered to be in the category of air
pollutants., The typically low concentrations of pollutant emissions are due
to the continuous, well controlled and highly efficient nature of the combus-

tion processes in turbine engines and to the use of fuels which contain very
small quantities of impurities.

Nonetheless, even though relatively low concentrations and total amounts
are generated in most instances, the exhaust emissions in the category of
alr pollutants resulting from the operations of aircraft turbine engines are
of concern. The specific aircraft turbine engine exhaust emissions
which are of possible concern from an alr pollution standpoint consist of
carbon monoxide (CO), unburned or partially oxidized hydrocarbons (HC), carbon
smoke particulate matter and oxides of nitrogen (NOx). The foremost concern
agsociated with these engine exhaust emissions appears to be their possible
impacts on the immediate areas surrounding major metropolitan airports. Because
of the operating characteristics of most current turbojet and turbofan engines,
the highest levels of these various objectionable exhaust constituents are
typically generated at englpe operating modes that occur in and around airports,
Further, because large numbers of daily aircraft operations can occur in and
around a given airmort, the cumulative exhaust emissions resulting from these

localized aircraft operations tend to be concentrated to some extent in the
airport vicinity,

For these reasons, the U.S. Environmental Protection Agency (EPA) con~
cluded that standards to regulate and minimize the quantities of CO, HC, NO,
and smoke emissions discharged by aircraft, when operating within or near
airports, are needed. Based on this finding, such standards were defined
for several different categories and types of fixed-wing, commercial aircraft

engines and were issued in July 1973, ¥For the most part, these standards
become effective in 1979 (Reference 2).

The introduction of aircraft engine exhausts into the stratosphere is
another possible area of concern. Because of the relatively slow mixing rates
between the stratosphere and the troposphere, and the resulting tendencies
for materials introduced into the stratosphere to accumulate, it is believed
that the continuous introduction of some engine exhaust products into the
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stratosphere by large aircraft fleets might, after extended time perlods, re-

sult in adverse environmental impacts. The iIntroduction by aircraft engines

of NOx emissions into the stratosphere has, for example, been identified as

a particular area of possible concern. The possible impacts of the intro-

duction of these and other engine exhaust products into the stratosphere

have been the subject of the Climatic Impact Assessment Program, which has

been conducted by the U.S. Department of Transportation (Keference 3). The
preliminary findings of this very extensive program Indicate that very low

NOx emissions levels at high altitude cruise operating conditions may become _
an important need in future transport alrcraft engines (Reference 4). i

To minimize these possible adverse environmental effects, significant
development ¢fforts to provide technology for the control and reduction of the
levels of the pollutant exhaust emissions of aircraft turbine engines have
already been conducted by both government and industry organizations and
major additional development efforts of this kind are currently underway.
Significant advances have already been made in the development of technology
for the design of engines with greatly roduced smoke emission levels., As a
result of these latter efforts, advanced transport aircraft engines, such as
the General Electric CF6 engines, with virtually invisible smoke emission
levels, have already been developed and placed into service. ‘These latter
engines are, thus, already in compliance with the smoke emission standards
which have been.ilssued by the EPA.

At the present time, therefore, the primary pollutant exhaust emissions
reduction technology needs of nonafterburning engines appear to involve the
reduction of CO and HC emissions levels at ldle operating conditions and the
reduction of NOy emissions levels during takeoff, climbout and, possibly,
cruise operations. In any nonafterburning engine, the source of these
emissions is, of course, its combustor. The attainment of these more favor-
able exhaust emissions characteristics in future engines, thus, primarily
involves providing improved and modified main combustors for use in thuse
engines. Major combustor design technology advances appear to be needed to
obtain significant-reductions in the levels of these gaseous pollutant
emissions.

To provide these needed combustor design technology advances, the
Experimental Clean Combustor Program was initiated by the U.S. National
Aeronautics and Space Administration (NASA) in 1972 (Reference 5). The overall
objective of this major program is to define, develop and demonstrate tech-
nology for the design of low pollutant emissions combustors for use in advanced
comnercial CTOL aircraft engines. The intent of these efforts 1s to generate
combustor design technology which is primarily applicable to advanced
commercial aircraft engines with high cycle pressure ratios, in the range of
20 to 35. However, it is also intended that this technolegy be applicable
to advanced military aircraft engines. Because the smoke emission levels of
advanced commercial and military aircraft engines have already been reduced to
low values, the primary focus of this major program 1s on reducing the CO, HC




and NO, emisasions levels of these engines. The overall program 1s being
conducted in three sequential phases:

Fhase I: Combustor. Screening
Phage .11: Combustor Refinement ard Optimization
Phase ITI: Combustor-Engine Testing

The NASA/General Electric Experimental Clean Combustor Program is one
of th> programs that comprise the overall program. This program is being
carried out by the General Electric Aircraft Engine Group under contract to
the NASA-Lewis Research Center., A description of the NASA/General Electric
Phase I Program, together with the results of this initial program phase, are
presented. in thig report. This Phase I Program was initiated in January
1973, and its design and development activities were completed in June 1974,
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CUAPTER 1. DESCRIPTION OF EXPERIMENTAL CLEAN COMBUSTOR PROGRAM

OVERALL PROGRAM DESCRIPTION

The Experimental Clean Combustor Program is a multiyear cffort which
is being conducted by the NASA-Lewlis Research Center, The primary objectives
of the overall program are:

'3 To generate and demonstrate the technology required to design and
develop advanced commercial CTOL aircraft engines with significantly
lower pollutant exhaust emissions levels than those of current
technology engines.

. To demonstrate the attainment of the target emissions level

reductions in tests of advanced commercial aircraft turbofan engines.

The intent of this major program is to obtain the objective pollutant
emissions level reductions by the development of advanced combustor designs,
rather than by the use of special engine operational techniques ana/or water
injection methods., The program is aimed at generating advanced combustor
design technology which is primarily applicable to advanced commercial CTOL
aircraft engines with high cycle pressure ratios, in the range of 20 to 33,
However, it is also intended that this technology be applicable to advanced
military aircraft engines. Because the smoke emission levels of advanced
commercial and military aircraft engines have already been reduced to low
values, the primary focus of the program is on reducing the levels of the
gaseous pollutant emissions of these engines,

The NASA/General Electric Experimental Clean Combustor Program is one of
the programs .that comprise the overall program. This program 1s being
conducted by the General Electric Alrcraft Engine Group under contract to :zhe
NASA-Lewls Research Center. The design and development efforts of this NASA/
General Electric program are specifically directed toward providing advanced
combustors for use in the General Electric CF6-50 engine. This engine is an
advanced, high bypass turbofan engine in the 218 kN (50,000 1b) rated. thrust
class, This engine is in commercial service in the McDonnel-Douglas DC-10
Series 30 aircraft and in the Airbus Industrie A300B aircraft. While the
CF6-50 engine is the specific intended application of the advanced combustor
technology development efforts of this program, this technology is also
considered to be generally applicable to all advanced-engines in the large
thrust size category.

PROGRAM PLAN

The NASA/General Electric Experimental Clean Combustor Program is
being conducted in three sequential, individually funded phases:

Phase I: Combustor Screening

Phase 1I: Combustor Refinement and Optimization

Phase III: Comhustor-Engine Testing

]
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Phase 1 Program

The Phase I Program, which has been completed, was an l8~-month effort
specifically directed toward scrcening and evaluating a large number and
variety of combustor design approaches for obtaining low CO, HC, NOy and
smoke cmissions levels., The otjective of these efforts was to identify,
define and develop promising combustor design approaches for obtaining
the objective pollutant cxhaust emissions level reductions. This program
phase is the subject of this final report,

The key task elements of these Phase I Program efforts involved the
identification and definition of various advanced combuator design approaches
for obtaining the objective low pollutant emissions levels, the detalled
aeromechanical design of several CF6-50 engine-~size versions of these approaches,
the fabrication of full annular versions of these various combustor designs
and the developmental evaluation of these full annular combustor test configu-
rations, All of these various full annular combustor test.configurations were
designed and sized to fit within the existing combustor housing of the pro-
duction CF6-~50 engine and to operate with the same combustor inlet diffuser as
in the production.engine. The various low emissions combustor test configu-
rations were evaluated in a high pressure combustor test rig, which exactly
duplicates the aerodynamic flowpath and envelope dimensions of the combustor
housing of the CF6-50 engine. These evaluatious were conducted with combustor
operating conditions identical to those of the CF6-50 engine, except for com
bustor pressure level at some high engine power test conditions. Lower pres-
sures were used at these high engine power test conditions because of air
supply facility limits. However, the measured emissions data were adjusted to
correct for the effects of the lower combustor pressure levels. In these
evaluations, detailed measurements of the emission characteristics of these
various combustor test configurations were obtained with an on-line, rapid data
acquisition exhaust gas sampling and analysis system. Along with these emissions
data, detailed data on the other important performance characteristics of each
combustor test configuration were also. obtained.

In the basic Phase I Program, primary attention was directed toward the
development of low pollutant emissions combustor design technology for use in
advanced subsonic transport aireraft engines. In conjunction with this
major program effort, additional efforts were also carried out in two program
addendums, the Advanced Supersonic Transport (AST) Addendum and the Combustion
Noise Measurement Addendum. The purpose of the AST Addendum was to develop
combustor design technology for reducing the NOy emissions levels of AST
engines at supersonic cruise operating conditions by applying and extending
the results of the basic program investigations. The purpose of the Combus-
tion Noise Measurement Addendum was to obtain experimental data on the basic
acoustic characteristics of these advanced low emissions combustors and,
thereby, to enable comparisons of their noise ¢haracteristics with those of
current technology combustots.

Descriptions of the basic Phase 1 Program, along with the results obtained
in these investigations, are presented in Chapter 111 of this report. Descrip-
tions of the efforts associated with the AST Addendum, together with the




results of these investigations, are presented in Chapter IV of this report.
The resultas obtained in the Combustion Noise Measurement Addendum will be
presented in a separate report.,

Phase 11 Program

The Phase II Program, which is currently underway, 1s a l5-month effort
to develop further the most promising advanced combustor designs evolved in
the Phase I Program. The development efforts of this phase involve both full
annular and sector combustor component tests. Also included as a part of the
Phase II Program efforts is the detailed aeromechanical design of versivns of

¥ these advanced combustors for possible use in demonstrator CF6-50 engine tests.—

The primary objective of these design and development efforts is to define and
provide at least one advanced combustor design which meets the performance and
installation requirements of the CF6~50 engine and which also meets or closely
approaches the objective low pollutant emissions level goals of the program.

Phase LIl Program

The Phase III Program, which is planned for the future, will consist of
detailed evaluations of the most promising Phase II Program combustor design
in a demonstrator CF6~51 engine. The objective of these efforts will be to
demonstrate the successful attalnment of significant pollutant emlssiouns
level reductions with an advanced combustor which meets the performance,
operational and installation requirements of the engine. The Phase III
Program is expected to be a lé-month effort.

PROGRAM SCHEDULE -

The overall schedule plans of the NASA/General Electric Experimental
Clean Combustor Program are presented in Figure 1. In this chart, the solid
bars indicate completed efforts and the striped bar indicates efforts currently
under contract. The open bar, shown for the Phase III Program, indicates
possible future contract effort.

PROGRAM_GOALS

Pollutant Emissions Level Goals

The pollutant emissiouns level goals of the NASA/General Electric Experi-
mental Clean Combustor Program~Phase I are presented in Table I. As is shown
by the comparison of the goals with the status levels of the current production
CF6-50 engine, the attainment of these goals involves significant pollutant
emissions level reductions. These goals are intended to be optimistic projec-
tions of the pollutant emissions level reductions that are practically
attainable with combustor design technology advancements. Thus, the prime
intent of the program was to generate and devalop advanced combustor design
technology, rather than to refine and/or verify already available combustor
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Table I. Pollutant Emissions Level Goals of the NASA/Gencral
Electric Experimental Clean Combustor Program,

A, Basic Program Goals

) Sea Level Static Engine QOperating Conditions

[ ] Aviation Kerosene Fuel
Engine Current
Pollutant Operating Program CF6-50 Engine
Emission Mode _Goal Stacus
NO, (As NOj) - g/kg Fuel Hot Day 10 - 44
Takeoff
NO, (As NO,) -~ g/kg Fuel Standard Day - a5
Takeoff
co - g/kg Fuel Standard Day 20 67
Ground Idie
HC (As CnH1 9n) ~ g/kg Fuel Standard Day 4 27
* Ground Idle
Smoke - (SAE SN) Hot Day 15 12
Takeoff

B. AST Addendum Goals

(] AST Cruise Engine Operating Cenditions

] Aviation Kerosene Fuel
Level of Current
Pollutant Program CF6-50 Combustor
Emigsion Goal (Approximate)
NOx (As N02) -~ g/kg Fuel 5 17
co - g/kg Fuel 5 1
HC (As C"Hl.9n) - g/kg Fuel 1 0.1
Smoke - (SAE 8N) 15 5
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design technology. Further, the use of water injection into the combustor
to obtain lower NOy emissions levels was apecifically excluded as an approach
to be considered in the Phase I Program.

As 1s ghown in Table I, the emissions level goals of the basic Phase 1
Program, which are intended to apply tc advanced subsonic transport aircraft
engines like the CF6-50 engine, are related to the specific steady-state
; engine operating modes, where the peak levels of each emlssions category are
generated., Each of .the gaseous emissions level goals 1s defined in terms of .
an.emission index, which i1s the ratic of the grams of pollutant emission formed
per kilogram of fuel consumed, The smoke emission level.goal is expressed to
terms of the SAE ARP 1179 Smoke Number. :

As 1s shown in Table I, the NOx emissions level goal of the basic Phase
I Program is defined at a hot day engine operating mode. The selection of
this operating mode, rather than a standard day takeoff operating mode, was
made to provide an extra degree of severity in terms of NOy emlssions forma-
tion. At the hot day takeoff mode, the combustor inlet air temperature of
the CF6-50 engine is 39° K higher than at the standard day takeoff mode (858° K
i versus 819° K). Since inlet air .temperature is the dominant parameter affect~
ing the degree of NOx emissions formation, the use of the higher combustor
inlet air temperature in the basic Phase I Program investigations thereby
provided NOy emissions level reduction technology applicable over a wide
range of simulated engine cycle pressure ratios. A combustor inlet air
temperature of about 860° K would be the nominal value expected at standard .
day takeoff conditions with a. turbofan engine having a cycle pressure ratio
of 35. _— -

‘ Also included in. Table I are the pollutant emissions level goals of the
| AST Addendum. These goals are defined at a specific set of combustor operating
j conditions that would nominally be associated with an AST engine operating at
a specific high altitude-supersonic cruise condition. The key goal of this set. . ....
of goals is the target NOx emissions level. The CO and HC emissions level
goals are intended primarily to set limits within which trade offs can be made. ..
between attainable NOx emissions levels and attainable CO and HC emissions
levels. Because of the lower combustor pressure associated with the defined
AST cruise operating condition, this NOy goal is roughly comparable in terms
of attainment difficulty to the basic Phase I Program NOy emissions goal, which
_ is defined for subsonic transport engines at hot day takeoff operating
- conditions. ...

Combustor Performance Goals

The key combustor performance goals of the NASA/General Electric Experi-
wental Clean Combustor Program are presented in Table II. Except for its
combustion efficiency levels at low engine power operating modes, the current
production CF6~30 engine combustor already provides performance levels equal
to or better than those specified as goals for the basic Phase I Program,
Thus, the major challenge of this program was to ldentify and define advanced

12




Table II. Combustor Performance Goals of the NASA/General
Electric Experimental Clean Combustor Program,

Performance
Parameter

Basic Program Goals

Minimum Combustor.Efficiency - %
Maximum Pressurz Drop -2

Maximum Exit Temperature Pattern
Factor

Altitude Relight

Mechanical Durability

AST Addendum Goals

Minimum Combustoxr Efficiency ~ %
Maximum Pressure Drop - Z

Maximum Exit Temperature Pattemn
Factor

Engine
Cperating

Mode

All
Cruise

Takeoff and
Cruise

Windmilling

All

AST Cruise
AST Cruise

AST Cruise

Program
___Goal

99.0
6.0
0.25
Meet CF6-50
Engine Relight
Envelope
Equivalent to

Current CF6-50
Combustor

99.8
6.0

0.25

13
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combustor designs which have performance characteristics similar to those of

the current CF6~50 engine combustor, as well as reduced pollutant emissions . .

levels.

The specified combustion efficlency goal at idle of 99 percent is higher
than the combustion efficiency provided by the cuxrrent CF6-50 engine combustor
at ldle operating conditions. This goal 1s specified as 99.0 percent to be
consistent with the CO and HC emissions level goals of the basic Phase I
Program. Combined, these latter two goals are equivalent to a combustion
efficiency at idle of 99.1 percent.

Also included in Table II are the combustor performance goals of the AST
Addendum., At the specified combustor operating conditions associated with
this addendum investigation, the current production CF6-50 engine combustor
also operates with performance levels equal to or better than these goals.
Thus, as in the basic program investigations, the key development problem is.
retaining these excellent performance characteristics while alsc cbtaining
more favorable pollutant emissions characteristics. The combustion efficiency
goal is specified as 99.8 percent to be consistent with the AST Addendum
goals for CO and HC emissions.

14
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CHAPTER II, PHASE I PROGRAM - DESIGN AND DEVELOPMENT APPROACHES

The CF6-50 engine, for use in which the various Phase I Program com-
hustor test configurations were specifically slzed and deaigned, is briefly
described in this chapter, Also described 1s the current production CF6-50
engine combustor which was used in this program as the haseline design, to
which the performance and emissions characteristics of the various test
configurations were compared. 1In addition, the test facilities and equipment,
including the pollutant emissions sampling and analysis equipment, are
described herein. - Further, the various testing methods and the test data
processing and analysis methods used in conducting this program are also
described in this chapter.

CF6-50 COMBUSTOR DESIGN AND PERFORMANCE CHARACTERISTICS

CF6~50 Engine - General Description

The CF6-50 engine is the higher power version of two models of the CFé
high bypass turbofan engines which have been designed and developed by
General Electric.. The other model is the CF6-6D engine., The CF6-50 engine
is in commercial service as the power plant for the McDonnell-Douglas DC-10
Series 30 Tri~Jet long range intercontinental aircraft and the Airbus -
Industrie A300B aircraft.

The CF6~50 engine is a dual-rotor, high bypass ratic turbofan incorporat-
ing a variable stator, high pressure ratio compressor, an annular combustor,
an air-cooled core engine turbine and a coaxial front fan with a low pressure
turbine., Basically, the engine consists of a fan section, compressor section,
combustor section, turbine section and accessory drive section. These basic
sections are shown in Figure 2, This high bypass turbofan engine has a high
thrust-to-weight ratio and favorable fuel economy characteristics. The key
overall specifications of the CF6-50 engine are presented in Table III.

Table II1. Key_Specifications of the CF6-50 Engine. -

Weight 3780 kg
Length {cold) 482 cm
Max. Dia. (cold) 272 cm
Fan/Comp. Stages 1-(3)/14
HPT/LPT Stages 2/4
Thrust/Weight 5.95
Pressure Ratio 30:1
Airflow 660 kg/s
Max. SLS Thrust 218 kN
SFC 0,389
Cruise Mach No./Alt 0.85/10.5 km
Thrust 48 kN
SFC 0,654
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General Electric CF6-50 High Bypass Turbofan Engine.

Figure 2.

16




The CF6-50 englne 1s considered to be an attractive selection for use in
this program as the baseline vehicle for developing and evaluating advanced
combustor configurations with reduced levels of exhaust pollutant emissions,
The smoke emission levels of this engine are already very low, virtually
invisible at all operating conditions,

CF6-50 Combustor - General Description

The CF6-50 engine comhustor is a high performance design with demon-
strated low exit temperature pattern factors, low pressure. loss, high combus-
tion efficiency and low smoke emission performance at all operating conditions.
A cross-sectional drawing of this combustor, as installed in the engine, is
presented in Figure 3. The key features of this combustor are its low pres-—
sure loss step diffuser, its carbureting swirl cup dome design and its short
burning length. The. short burning length reduces the amount of liner cooling
air. required which, in turn, improves its exit temperature pattern and profile
factors., The step diffuser design provides very uniform, steady asirflow
distributions into the combustor,

This combustor contains 30 vortex-inducing axial swirler cups, 1 for each.
fuel nozzle. The combustor consists of four major sections which are riveted
together into one unit and spot welded to prevent rivet loss: _the cowl
assembly, the dome, and the inner and outer liner skirts, The combustor is
mounted at the cowl assembly by 30 equally-spaced radial mounting pins. A
photograph of this combustor assembly is shown in Figure 4. The inner and
outer skirts each consist of a series of circumferentially stacked rings which
are joined by resistance welded and brazed joints. The liners are film-cooled
by air which enters each ring through closely spaced circumferential holes.
Three axial planes of dilution holes on the outer skirt and five planes on the
inner skirt are employed to promote additional mixing and to lower the exit
temperatures at the turbine inlet. Several of the more important design
parameters of this combustor are presented in Table IV.

Additional material relating to the design of this CF6-50 combustor, and
the fuel supply and control systems used with this combustor, are presented
in Appendix A of this report.

Some of the important measured performance characteristics of this
combustor at sea level static takeoff operating conditions are as follows:

Exit Temperature Pattern Factor 0.26
Exit Temperature Profile Factor 1.09
Combustion Efficiency 99.9%

More detalled data on the pattern factor and profile factor performance and
requirements are shown in Figure 5. The altitude relight and ground start
characteristics of the combustor are presented in Figure 6,
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CF6-50 Combustor Assembly.

Figure 4.
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Table IV, CF6-50 Combustor Key Design Parameters.

Combustor Airflow (Wp)

Compressor Exit Mach Number

Overall System Length
Burning Length (Lp)
Dome Height (Mp)

Lp/Hp

Reference Velocity
Space Rate

APp/Pr,

Number of Fuel Nozzles
Fuel Nozzle Spacing (B)
Lp/B

B/Hp

Design Flow Splits
(Outer-Center-Inner)

Liner Cooling Flow

103,42 kg/s
0.27

75,95 cm
34.8 cm
11.43 cm
3.0

25.9 m/s
2.2 x 1011 J/hr-n3-atm
4.3% {Total)
30

6.91 cm

5.0

0,60

33-32-35% of W

30% of Wc

.A‘
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CF6-50 Combustor - Exhaust Emissions Characteristics

The CF6-30 combustor was originally designed and developed to meet low
#smoke requirements. The basic design feature used to obtain the objective
low smoke levela was the axial swirl cup combustor dome deaign approach which
was orlginally developed for use in the CF6-6 and TF39 engines. This car-
bureting swirl cup design permits the introduction of large amounts of the
combustor-airflow (up to 20 percent) through the awirl cups and provides very
effective fuel and air mixing., These features result in low smoke levels
and, in addition, a combustor design that meets the altitude relight require-
ments of the engine., Low smoke levels have been demonstrated with the exist-
ing CF6-50 combustor design. The measured smoke levels obtained in an engine
test are presented in Figure 7.. With these low smoke levels, the CF6-50
engine exhaust plume is virtually invisible at all operating conditions.

The gaseous emlssions characteristics of the CF6-50 engine combustor
are illustrated in Figures 8, 9 and 10. In these figures, the results of.
emlssions tests of CF6-50 Engine No. 455-508/6A at 7 SLS engine cperating
conditions, ranging from ground idle to 100 percent SLS takeoff power are
presented. 1In this test series, jet kerosene fuel was used. The test points
were chosen to correspond to the EPA power settings (ground idle, 30, 85, and
100 percent rated power) with 2 additional points at low power (6 and 12 per- £
cent) to better define the idle emissions levels. These points were obtained A
with zero CDP bleed. An additional point was obtained with three percent
bleed, which was the maximum bleed obtainable with this particular engine 1
buildup without repiping the engine. The data are plotted against inlet
temperature (13) in order to adjust the data to standard day operating condi- 3
tions. The measured NOy emission levels are shown corrected to an_inlet air
humidity level of 6.30 g/kg of air.

The key-emissions level data presented in Figures 8, 9 and 10 are sum-
marized in Table V, where they are compared to the Phase I Program 2oals.

Table V. CF6~50 Engine/Combustor Gaseous
Pollutant Emissions Levels.

Emission Index, g/kg Fuel '

Experimental |
Current Clean Combustor
Engine Status Program Goal ?
HC - At Idle (Standard Day) 27 4
CO - At Idle (Standard Day) 67 20 ‘
NO, = At Takeoff (Standard Day) 35 - 1
NOx =~ At Takeoff (Hot Day) 44k 10 ‘

*Extrapolated value, based on standard T3 correction factor.
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TEST FACILITIES AND EQUIPMENT

Test Cell and Related Facilities

The Phage I Program combustor evaluations were performed in Test Cell
A3, which is located in the General Electric Evendale Plant., This facility
is fully equipped with. the necessary inlet ducting, exhaust ducting, con.rols
and instrumentation required for conducting full-scale combustor component
tests over wide ranges of operating conditions, A view of the interior of
the cell 1s shown in Figure 11, The cell itself is a rectangular chamber
with reinforced concrete blast walls on three gides and a lightweight roof,
The installed ventilation and safety equipment are designed specifically for
tests involving combustible fluids., This cell contains the necessary air
piping to accommodate two test vehicles.

In operating this test cell, its utilization is maximized by mounting
the test rigs on portable dollies with quick-change connections so that
build~up operations are accomplished in another area and the resulting test
vehicle occupies the cell only for the duration of its. actual testing. This
cell operational concept allows the installation of a typical test vehicle
in about four hours, The turnaround time from the completion of a test with
one vehicle to the start of a test with another is, thercfore, only about
eight hours. The instrumentation reliability is improved since the sensors
are prewired to multiple quick-connect panels and checked out in the favorable
environment of the vehicle build-up area.

The control consoles and data recording equipment are located in the
adjacent control room. This room is insulated to muffle test noilse and
facilitate communication and is environmentally controlled for the benefit
of the electronic equipment.

Alr is supplied to this test cell from a central air supply system.
This system has a nominal capacity of 45 kg/s of continuing airflow at a
delivery pressure of up to 20 atm. The system may also be used for exhaust
suction to simulate a pressure altitude up to 8.9 km, with flow rates reduced
in proportion to density.

Auxiliary equipment in the air distribution network provides for further
conditioning of the delivered air, when required,. This c¢onditioning includes
10-micron filtration, drying to a 233° K dewpoint and temperature control.
Cold air, down to 217° K, can be provided by piping connections to a turbo-
refrigeration unit, Warm air, up to 450° K, can be supplied directly by
bypassing the aftercooler, Further heating, up to 922° K, is accomplished
with a gas-fired heat exchanger. The gas-fired indirect air heater is
designed to accept 36 kg/s of air from the central air supply system at 450° K
and 9.5 atm and to discharge the air unvitiated at 933° K and 8.3 atm. The
heater 1s capable of accommodating higher flows and higher pressures at reduced
outlet temperatures., The heater is a refractory-lined shell 8.2 i in diameter
and 13.7 m tall, containing a conical radiating furnace baffle and a heat
exchanger.
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Figure 11, Interior View of Test Cell A3,
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Combustors being tested in this cell can be exhausted directly to the
atmoaphere or can be connected to the facility exhaust system for pressure 1
control.. When connected to the facility exhaust system, the combustor pres-
sure can be regulated.from the upper limit, imposed by the pressure or flow
capacity of the air supply system, down to about 0.2 atm. Exhaust suction
is provided either by the centrifugal compressors of the air supply system
or-by a two-stage steam ejector system with an interstage condenser.

Liquid fuels are supplied to Cell A3 from two large above-ground tanks,
each having a capacity of 114 cubic meters. FEach.tank is provided with a
centrifugal pump to transfer the fuels through 10.2-cm pipelines. The high
pressure fuel pumps, located in Cell A3, boost the fuel pressure as high as
4 826 newtons/cm2, .The available fuel pressures and flows with these pumps were
~ adequate for all tests of the Phase I Program, with ample margin for meter-~
ing and control.

Test Rig

The Phase I Program combustor evaluations were conducted with.an exist-
ing full annular combustor test rig. This full annular combustor test rig
exactly duplicates the aerodynamic combustor flowpath and envelope dimensions
of the CF6-50 engine, The test rig consigts of an inlet plenum chamber, an.
inlet diffuser section and a housing for the combustor. Included as a part
of this rig is an exit plane rotating rake assembly for obtaining measure-

~ ments of combustor outlet temperatures and pressures and for extracting gas
samples. :

A drawing of this CF6-50 combustor test rig is presented in Figure 12.
Photographs of the test rig are preseanted in Figure 13. The combustor test
rig is basically a cylindrical pressure vessel designed for high-temperature
service and fitted with inlet and exit flanges. The rig 1s equipped with
ports and bosses to accommodate fuel nozzles/injectors, igniters and boro-
scope inspection devices. These ports are located exactly as in the engine
design. The rig 13 also equipped with provisions to extract both turbine
cooling air and customer bleed air. These provisions also duplicate those
in the engine, In this program, the engine design turbine cooling air bleed
flows were extracted from the inner and outer bleed ports shown in Figure 12.
The total bleed flow was metered with a sharp-edged orifice and the flow i
rates were recorded. The bleed flow split was controlled by fixed area ratios
between the inner and ocuter bleed ports.

i i s s el on oo ettt ot . s iiinenitite. _M

The air inlet connection of the test rig consists of an 81.3-cm diameter
pipe flange of special design which is bolted to the air supply plenum of the 1
test cell.. In the supply plenum, the flow is mixed and then straightened by
grates and screens, Within the test rig, a bullet-nosed centerbody directs
the entering airflow- into an annular passage. This annular passage simulates
the compressor discharge passage of the engine. The inner and outer walls are
formed to the contour of the engine's diffuser and the gap is spanned by 10
streamlined struts, identical to those in the engine, which support the center-
body. The struts also provide access for instrumentation leads into the
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View Looking BownsCrcan T iostrating Cenloerhbody Simulation

of Compressor Discehorae Passape

Figure 13, CFG=50 Combn: for Teet Hip Photopraphs (Conce luded),
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centerbody. Aft of the step diffuser, the centerbody forms the inner wall

of the combustor housing. The inner wall is provided with bleed ports,
through which a portion of the airflow cen be extracted as customer bleed alr,
Adcditional ports are provided to simulate turbine rotor cooling air extrac-
tion. The air extracted from both of these sets of ports 1s routed through

2 10.2-cm pipes, forward through the centerbody nose, then radially out of

the rig.

The combustor test rig is equipped with 30 fuel nozzle ports, sgpaced
12 degrees apart, The various fuel injection assemblies used in this program
were all installed through these existing ports and, thus, 30 fuel injection
agssemblies were used with all of the combustor test configurations, even
though some of the configurations featured the use of more than 30 fuel injec-
tion points. Arrays of 30, 60, 72 and 90 fuel injection points were used in
the various test configurations. Fuel. injection assemblies with up to four
supply tubes were used to accommodate the increased number of injection points,

The fuel was supplied to these injection gssemblies through 4 manifolds
which had 45, 45, 60 and 90 fittings. A diagram showing the basic four-~
manifolded fuel feed system is presented in Figure 14, along with a photo~
graph showing the four-manifold hookup on the test rig. The available hookups
were numerous. Alternate injectors, or sectors of Injectors in each.of the
two combustor dome annuli, could be fueled. Each manifold fitting was equipped
with Leejets .(fixed orifices) which were used to provide reliable and uniform
circumferential fuel metering. There was a permanently attached filter incor=
porated into the Leejet. The Leeiets calibrated within 3 percent of the
desired flow and were spot checked during the program, Two Leejet sizes
were selected to cover the full range of required fuel flows. Operation of
the combustor at very low fuel flows was accomplished by the use of only the
small (9.8 kg/hr) Leejet. For middle flow requirements, the larger Leejet
(18.6 kg/hr) was employed and for the maximum flow requirements, both Leejets
were utilized. A typical hookup, where either or both Leejets could be used,
is shown in Figure 15.

The exhaust end of this combustor test rig is provided with a large__
diameter flange to which an instrumentation spool section can be joined, The
instrumentation spool section used in. this program consisted of an existing
short-flanged pipe with a water-cooled centerbody supported by radial pipes,
Water-cooled radial combustor .exit passage survey rakes were attached to an
axial shaft in the centerbody. In the array used in the program, five gas
sampling rakes and five thermocouple rakes were mounted to this rotating
shaft. Each thermocouple rake contained five thermocouple elements of
Platinum 30/Platinum 6 Rhodium wire. A typical thermocouple rake, as used
in this program, is shown in Figure 16, Inside the thermocouple rake body,
each thermocouple wire was spliced to a copper lead wire and led out of the
Instrumentation section through the centerbody. The gas sampling rakes are
described in detail in the following section.

In this spool section, the shaft and 1ts ten attached rakes are rotated

by a bevel gear set at the aft end, driven by an external drive motor through
a shaft inside a centerbody support pipe. Instrumentation lines are brought
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through other support pipes. This instrumentation gpool also contains water
spray rings to cool the combustion gases dovnstream of the measurement
plane, A photograph of the instrumentation spool section with the ten raked
inatalled is presented in Figure 17. Local gas samples were extracted and
total pressures were measured using the five gas mampling rakes.

Pollutant Emissions Sampling and Analysis System

The exhaust gas sampling and analysis system used in the Phase I Program
experimental investigations was designed to provide a rapid determination of
the emission levels of the various combustor configurations at a wide variety
of test conditions. The sampling system consisted of a rotating rake traverse
assembly, multielement gas sampling probes, heated transfer lines, a mani-
folding valve panel and the various gaseous and smoke emissions analyzers.

The outputs from the CO, C02, HC and NOx analyzers were electronically inte-
grated with the test cell digital data acquisition system, which allowed

all emissions data to be automatically recorded and reduced in the test cell
in a matter of minutes. -

One of the key components of this system was the rake traversing assembly.
This traverse assembly, shown in Figure 17, contained 5 thermocouples and
5+gas sample rakes and was capable of rotating 72 degrees. Thus, gas samples
could be extracted from any desired location within the combustor exhaust
plane. The normal test procedure used in the Phase I Program investigations
was to extract gas samples (and exit thermocouple data) at six—degree intervals
in the exit plane. In this manner, 12 rake traverse positions were required
to sample the entire combustor exhaust stream annulus.

The gas sample rakes used in this program contained five elements, or
probes, with quick-quenching probe tips. In this design, both water cooling
of .the probe body and steam heating of the sample lines within the probe are
used. A photograph of one of these rakes is gshown in Figure 18, The assembly
is shown schematically in Figure 19. Each of the five individual sampling
elements was led out of the rake separately; there was no comuon wanifolding
of these sample lines within the sampling vake., The tips of each of these
sampling elements were designed to quench the chemical reactions of the
extracted gas sample as soon as the gsample entered the rake. This quenching,
or freezing, of the reactions was necessary to eliminate the possibility of
further reactions within the sample lines. Water cooling of the rake body
was required to maintain the mechanical integrity of the rakes in the high
temperature, high pressure environment in which they operated. Steam heating
of the sample lines within the rake, on the other hand, was needed to maintain
these sample lines at a temperature high enough to prevent condensation of
hydrocarbon compounds and water vapor within the sample lines.

With 5 sampling rakes with 5 elements each, & total of 25 gas sampling

locations existed within the combustor exit plane at each angular position
of the traverse assembly. Of the 25 available probe elements, however,
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only 15 were normally used for gasecus emissions sampling, with the remaining 10
elements used for combustor exit pressure measurements and smoke emission
sampling, A selector valve in each of these latter ten sample lines allowed
either smoke level .or exit pressure data to be obtained at any selected

angular. position. The individual rake elements normally used for the various
types of measurements are shown in Figure 20,

After leaving the rakes, the individual gas sample lines were led to a
series of selector valves and then to the emissions analyzers. These lines
were grouped into bundles of 5 lines (1 bundle for each gas sample rake)_and
each bundle was steam-traced from .the individual rakes to the analyzers
in order to maintain the sample line temperatures near 422° K. Each
sample line was constructed of.0,64~cm diameter, 0.089-cm wall stainless steel.
tubing. Two thermocouples were installed in each tube bundle to monitor the
temperature of the steam used for heating the sample lines. In addition, one
sample line from each bundle was. .instrumented to provide a measurement of the
pressure within the sample line. This pressure measurement provided assurance
that sufficient flow was being_drawn through the sample lines to quench the reac-
tions at the probe tips.

In the test cell control room, the 25 individual sample lines were con-
nected to a group of 3-way selector valves. At this panel, the selected
sample streams for providing smoke level or pressure data were separated, by
the valving arrangement, from those selected.for gaseous.emissions level
determinations. By manipulation of the appropriate valves, any individual
element or any desired combination of elements could be selected for the
various types of measurements. The normal procedure used was to manifold
the 15 selected streams shown in.Figure 20 for gaseous emissions level
determinations together at this control valve panel, thereby supplying one
average gas sample to the emissions analyzers at.each traverse position. This
manifolding procedure was a very fast method of determining the average level
of each.of the various emissions of interest at each circumferential traverse
position and alleviated the need to analyze each sample individually st every
traverse position of a given test condition.

An existing on-line exhaust gas analysis system was used for determining
the C0,, CO, HC, NO and NO7 concentrations of the exhaust gas sample streams.
With this on~line system, the sample streams were ceontinuously processed. A
flow diagram of this system is shown in Figure 21.

The four basic gas analysis instruments of this on-line system are a
flame ionization detector for HC emissions, two nondispersive infrared
analyzers for CO and CO2 emissions and 2 heated chemiluminescence analyzZer
for NO and NO2 emissions. This analysis equipment is in general conformance
with SAE ARP 1256 (Reference 1), except .for the use of & chemilumireacence
analyzer for NOy emissions. The output signals of these analyzers were
recorded both on a printed papetr tape and into the digital data acquisition
system of the test cell. With this latter data procnessing system, the
output signals of the analyzers were continuously scanned and fed into an
oii-line computer,
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The smoke emisslons data were obtained in this program using the standard
General Electric fillter stain method. The equipment used for these messure~
ments 1s In conformance with SAE ARP 1179 (Reference 2},

More detalled information on the entire gaseous and smoke emissions
sampling and analysis system is presented in Appendix B of thia report.

Data Processing Systems

The data processing equipment. permanently installed in Test Cell A3
includes a 900-channel digital data acquisition system, strip-chart recorders
for continuous recording of up to 24 test parawmeters, displays of 22 pressures,
displays of 24 temperatures and displays of 4 fuel flows for use by the operators -
in controlling test parameters, plus a small analog computer.generally programmed
to compute airflows and fuel-air ratios. Portable equipment includes a tele-
type terminal for the time-sharing computers. The valves used. to regulate
fuel flows, airflows, combustor air temperaturrs and combustor air pressures
are remotely operated from the control room by means of pneumatic operators.
Various elements of this control and data processing equipment were used in .
the tests of the Phase I Program. ;

v et

[ A I P,

Throughout the program, the combustor test data were recorded by the
test cell digital data acquisition system. This apparatus scans each of the
measured parameters in sequence, controlling the position of pressure scanning
valves when required, converts the amplified DC signal of the measurement to
digital form and records the value on a perforaced paper tape suitable for
input to the time-sharing computer through the teletype terminal. During each
scan, the overall voltage accuracy is checked against « precision potentiometer
that has been calibrated in a standards laboratory. The digital voltmeter
and low level amplifier are of sufficient quality that voltages are accurate
to 0.02 percent of full-scale in the 0-10 millivolt range.

All connections between data sensors and readout instrumentation, and
all programming of the sequencing and control circuitry, were accomplished
through interchangeable program boards. Thus, each test setup included 1its
own prewired, preprogrammed front panel for rapid changeover from one circuit
configuration to the next. A schematic of the data acquisition installation
setup 1s shown in Figure 22.

As is mentioned above, the COp, CO, HC, NO and NOz analyzers of the
gaseous.emissions analysis system were also electronically integrated into
this test cell digital data acquisition system. These emissions data from
these analyzers werz, therefore, transmitted to an on-line computer, as well
as recorded on a printed paper tape.
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TEST AND DATA ANALYSIS PROCEDURLES

The procedures employed in these Phase I Program investigations were
designed for rapid screening of the various candidate combustor configurations,
Each combustor configuration .was tested over a range of simulated engine
operating and parametric test conditions. The gas sampling system developed
for these tests Incorporated the latest in gas sample extraction and auto~
mated data processing systems technology and was based on the experience
gained in numerous combustor component test programs conducted at General
Electric. Detailed surveys were made of the combustor exit plane at all.test
conditions to accurately determine the emissions and performance character-
istics of the experimental combustor configurations., These test procedures,
along with the analytical procedures used to reduce and adjust the test data
to standard.CF6~50 engine. operating conditions, are described in the following
sections,

Test Conditicons

The test conditions selected for the various combustor evaluations of
these investigations represented actual engine operating conditions,
simulated engilne operating conditions and parametric variations about these
operating conditions. The points which were most important during these
tests were the CF6-50 engine standard day idle condition and the hot day
takeoff condition, since the program goals for emissions and performance
were specified at these cycle points. Other points of particular interest
during testing were the CF6-50 hot day 30 percent power, hot day 85 percent
power and standard day cruise conditions. In addition, selected configura~-
tions were tested at a typical AST supersonic cruise condition.

In these tests, the combustor inlet temperatures, reference velocities
and turbine cooling air extraction rates of the CF6-50 engine were exactly
duplicated., Combustor inlet pressure levels were also duplicated at the idle
condition, but reduced pressure levels (relative to those of the engine)
consistent with the.air supply capacity were used at the higher power condi-
tions. In these cases, the alrflow rates were correspondingly reduced to
maintain the true reference welocities. At the hot day takeoff condition,

the air supply limit in these tests was 9.5 atm, compared to the engine
pressure of 29.1 atm,

Turbine cooling ailrflow extraction rates, as in the CF6-50 engine, were
duplicated in these tests. The extraction rates were 6 and 10 percent of the

compressor discharge airflow from the outer and inner combustor flow passages,
respectively.

Selected combustor configurations were tested over ranges of test condi-
tions around the nominal idle and takeoff operating conditions. The
following ranges of test conditions were investigated:
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Idle
inlet temperature: 366 - 589° K
Inlet pressure: 2,72 - 4,76 atm

Reference velocity: 14.6 = 21,3 mfs*

Takeof f
Inlet temperature: 644 - 866° K
Inlet pressure: 3.06 - 9.53 atm
Reference velocity: 18.9 ~ 29.6 m/s*

#Maximum attainable reference velocity

The  purpose of these parametric tests was to better define the effects of-
combustor operating conditions on the pollutant emissions characteristics of
the combustors. In addition, at all test conditions, data were obtained

over ranges of combustor fuel-alr ratios. At some fuel-air ratios, the effect
of varying the fuel flow splits between combustor annull or stages was also

examined.

A matrix of the important test conditions is shown in Table VI, From
hedule was established for each

this list of test conditions, a test point sc
combustor test configuration. 1In this manner, each test was tailored to the

specific combustor under investigation in order to obtain the maximum
benefit from the test. Very infrequently,. test conditions not contained in
Table VI were run if, during the course of a test, the need for an alternate

point was apparent.

Test Procedures

In the elevated pressure tests, the test points were ugually run in
order of increasing combustor inlet temperature for safety considerations and
to expedite testing, As test co.ditions were changed, the combustor pressure
drop and the various combustor metal temperatures were monitored on multi-
channel strip chart recorders to ensure that the established transient safety
limits were not exceeded. When each test condition was set and stabilized,
the data were recorded in two phases. First, the fixed combustor instrumen-
tation {inlet alr pressure and temperature, airflow, fuel flow, metal
temperatures, exit pressure, etc.) was recorded, Then a survey of the
numerous positions in the combustox exit plane was made, collecting detailed
exit temperature and pollutant emissions data. The scope of the test
instrumentation read on each test point is shown in Table VIT.
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Table VII. Combustor/Rig Instrumentatlon,

Parameter

Total Alrflow

Bleaed Airflow

Fu. 1 Flow

Fua' Injector Pressure Drop

Fuel Temperature

Diffuser Inlet Total Pressure
Diffuser Inlet Static Pressure
Diffuser Inlet Total Tempersture
Combustor Exit Total Temperature.

Combustor Exit Emissions Levels
Combustor Exit Total Pressure
Combustor Metal Temperature .

Inlet Air Humidity Level
Combustor Passage Static Pressure
Combustor Dome Pressure Drop

Gas Sample Line Pressure

Gas Sample Line_Temperature
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Instrumentation

Standard ASME Orifice

Standard ASME Orifice

Turbine Flow Meters

Pressure Tap in Fach Fuel Manifold

Thermocouple in Fuel Manifold

4 S5~Element Fixed Impact Rakes

4 Wall Static Taps

2 Thermocouples on Each Pr Rake

5 5=Element. Thermocouple Traverse
Rakes

5 5-Element Impact Traverse Rakes

2 Elements on Each Emissions Rake

Minimum ¢f 12 Thermocouples on Dome
and Liners Plus Temperature Sensi-
tive Paints

Dew Point Hygrometer

3 Wall Taps in Each Passage (6 Total)

4 Pressure Taps

Pressure Tap in One Gas Sample Line
from Each Rake at Rig/Cell Interface
(5 Total)

2 Thermocouples in Each Steam-Heated
Tube Bundle, One at Rake/Tube Bundie
Interface, One at Rig/Cell Interface
{10 Total)
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The normal test procedure was to obtaln exit thermocouple and emissions
data at six-degree intervals around the combustor exit amulus., With the
rake traversing assembly used in this program, 12 traverse positions were
required to sample the entlre exhaust plane, On those tests where acoustic
measurements were taken, this prucedure was altered somewhat. With the down-
stream acoustic probe installed in the combustor exit plane, the travel of
the rotating rake assembly was limited to 30 degrees. Therefore, on these
tests, data were taken in threc—-degree increments around the exit annulus,
at 10 rake positions.

In addition to these clevated pressure tests, the ground start ignition
characteristics of three combustor test configurations were also evaluated

The ignition tests were originally plamned to be conducted in two parts.
Initially, the sea level ignition capabilities were to be investigated over
a range of alrflows. Then, with promising configurations, the altitude
relight characteristics were to be determined over a range of windmilling
conditions associated with the CF6-50 altitude flight map. However, of the
three configurations eventually selected for sea level ignition testing,
none was deemed sufficientiy promising at this stage of their development to
warrant the altitude relight investipations.

To determine the sea level ignftion characteristics of the selected
designs, the combustor test vehicle was exhauated to the atmosphere, thus
allowing visual observation of the ignition attempts. A prescribed combustor
airflow, within the range of starting airflows of the CF6-50 engine, was set
with ambient temperature inlet air. The fuel flow was slowly increased and
ignition attempted. The fuel flow was recorded where one cup was lit, where
50 percent propagation occurred and where 100 percent propagation occurred.
The fuel flow was then decreased and the condition where one cup was out,
where 50 percent of the cups were out and where lean blowout occurred was
recorded. While maintaining the same inlet conditions, this process was
repeated several times with both the hydrogen torch and the electrical spark
ignitor. When sufficient data repeatability was achieved, a second, third,
and sometimes fourth combustor airflow was set, and the entire procedure was
tepeated at each new condition. This test procedure is identical to that
employed during the ground start testing currently conducted on t'ie current

-

production CFé-50 engine combustor,

Pollutant kmissions Measurement Procedures

As is described in the preceding section, 15 individual elements (3
elements per rake) were usually used for the gaseous emissions level measure~
ments. Because of the extensive amount of time that would have been required
to individually analyze samples obtained from each of these elcments at every
traverse position of every combustor test point, some type of sample mani-
folding was always employed. Previous combustor compone it test programs at
General Electric have shown that, when done properly, the sample manifolding
concept provides emissions levels that are in close agreement with those
determined from measurements of many individual samples.
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Because of the wide variacions in fuel staging techniques which were
investigated as a part of this program, various exhaust gas sample manlfolding
technlques were employed. The normal procedure was to manifold together only
gas samples which had ncarly equal sample emlssions concentratiens, in order
to provide properly weighted results. During normal fueling points (combustor
fucled .uniformly) all the various pas samples.could be manifolded together,

On points where only one annulus or stage was fueled, only samples from the
same radial immersion were combined, due to the large radial emissions con-~
centration gradients which .could exist. On points where only a-sector of the
combustor was fueled, only samples taken from the same clrcumferential
position were manifolded together because of the strong circumferential
variations,

€0, CO2, UC and total NOy emissions levels were determined in all
instances. At some specilal test conditions, NO and #07 emissions levels were
also separately determined., Additional detaills on these gaseous emissions
sampling procedures are presented in Appendix B of this report.

During some of these combustor tests, smoke emissilons levels were also
measured at selected test points of interest. These levels were generally not
measured in tests where the maximum combustor inlet pressure level was less
than seven atm since the smoke levels at such low pressure levels would be too
low to be accurately determined, The smoke levels of the CF6-50 production
combugtor are already very low and the smoke levels of the various Phase 1
Program combustor configurations were expected to be even lower. Thus, smoke
emissions characteristics were generally not considered to be of major concern.
At those. conditions where smoke data were acquired, samples were usually ex-
tracted from the combustor exit plane with ten elements, as shown in Figure
20, These ten elements were manifolded together to provide one average sample
to the smoke measurement console. At least three smoke spots were taken at
each test condition and the average SAE Smoke Number for this operating point
was determined from the average of these three spots.

The normal General Electric procedure for measuring smoke levels is to
extract several 0.0057 cubic meter samples, but dues to the-low smoke levels of
most of the combustor configurations of this program, larger samples of
0.0198 cubic meter were used. With this size sample, more accurate reflec-
tance measurements of the smoke spots could be obtained because the apots
were darker. .

Combustor Performance Data Processing Procedures

A summary of the important combustor operating performance parameters
which were measured or calculated is shown in Table VIII., Most of the param-
eters and equations of this table are self-explanatory, but a few items
require further clarification:

. By General Electric convention, reference velocity is based on
total inlet airflow, total inlet density and casing cross-secticnal
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arca at the dome exit. For the CF6-50 flowpath, this reference area
18 3729 cn?,

. Each combustor exit temperature was computed from the metered
fuel~ailr ratio and averaged gas sample combustion efficlency
(with measured inlet temperature and standard thermodynamic
charts). Thermocouple data, when avallable, were used to compute
exit temperature profile factors and pattern factors. No radiation
or convection corrections were applied to these thermocouple data. .
Correction factors could now be deduced from the gas sample data.

Emissions Data Processing Procedures

The voltage responses of the CO, CO2, HC and NOy analyzers were read.at
each traverse position of a given test condition with the test cell digital
data acquisition.system, as described previously. These data were .transmitted
directly to an on-line data reduction computer for calculation of the emis-
gions concentrations, the emission indices, the combustion efficiency and the
fuel-air ratio of the gus sample at each traverse position.. A new emissions
data processing and reduction program was specifically developed for this
purpose as a part of the Phase 1 Program. With these capabilities, a normal
12-position manifolded traverse could be connected in about 15 minutes and
reduced gaseous emissions data were available within another 10 to 15 minutes.

The equations used for these calculations were basically those contained
in SAE ARP 1256 (Reference 1). In these calculationg, the CO and CO2 concen~
trations were corrected for the removal of. water from the sample before its
analysis. Aviation kerosene (JP-5 fuel) was used throughout these tests.
Therefore, a typical value for n (fuel hydrogen-to-carbon atom ratio) of 1.92
was used in these calculations. Frequent fuel analyses, obtained throughout
the test series, confirmed this value.

Based on the individual gas sample emission index, fuel-air ratio and
combustion efficiency values at each traverse location, the overall average
emission indices, sample fuel-alr ratio, and combustion efficlency for the
test condition were then determined by mass averaging., These averaged values
are the values presented in the numerous data tables and figures throughout
this report.

Pollutant Emissions Data Adjustment Procedures

Correlations relating pollutant emissions levels to combustor operating
conditions were used in this program to:

. Extrapolate dat: from the reduced pressure test conditions to the
full engine operating pressure.
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. Extrapolate test data to combustor Inlet alr temperatures, which
could not be obtained during a test due to combustor safety
limitations.

. Normalize. a.-range of test data to a single standard test conditicn,

In studies conducted at General Electric and elsewhere, NOy levels have
been found (empirically) to increase: (1) exponentially with increases in
combustor inlet temperature; (2} exponentially with decreases in inlet air
humidity; (3) linearly with increases in combustor residence time; and,

(4) directly with the square root of combustor inlet pressure., In the General
Electric studies, the following functional relaitionships have been found to
best describe the NOx formation processes:

NOx o exp (TT3/169) (Try in °K)
a exp (-0.0188H) (H in g water/kg air)
ot (or é—-for a fixed combustor length)
res VR
« (PT3)0'5

These empirical correlations have been found to be in excellent agreement with
the relationships predicted by a complex, analytical NOy emissions computer
model developed at General Electric.

It has also been found experimentally that NOy levels, at a given set
of inlet conditions, are highly dependent upon combustor fuel-alr ratio and
combustor design, The NOx emissions characteristics of rich primary zone
combustor.designs, such as the production CF6-50 engine combustor, have been
found to decrease with increases in fuel-air ratio., However, the NOx levels
of lean primary zone designs, such as those tested in this program, have been—
found to increase with fuel-air ratio. The slope of this increase is highly
dependent upon specific combustor design features., Thus, no generalized
fuel=air _ratio correlation factors have been developed.

Using the pressure, temperature, reference velocity and humidity
relationships shown above, NOyx emissions data acquired at any test condition
can be extrapolated to any other test condition of interest (at the same
fuel-air ratio). 1In this program, the conditions of most importance from a
NOx emissions standpoint were the hot day takeoff and AST cruise operating
conditions. .. The combustor inlet conditions for these cycle points are:

o
(4]
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Pr Tipr Vr H¥%

ath ’_'l_ﬁ m/8 g/kd
Hot Day SLSTN 29,06 B58 26,5 6.29
AST Cruise 6.80 833 26,5 6,29

#Ceneral Electric's procedure is to adjust NO, data to a humidity level of
6.29 g/kg (corresponding to 60 percent relative humidity on a standard day).

The above relationships were used in this program to extrapolate the measured
data to these test conditions. The general procedure used in this program
was to extrapolate all NO, emissions data to the hot day takeoff condition,
plot it versus fuel~air ratio and then determlne.the.true takeoff. level at
the correct fuel-air ratio (0.0245).

The effects of combustor operating conditions on CO and HC emissions
levels are not as predictable as those for NO,. Both CO and HC levels are
known to decrease with increasing inlet temperature and pressure and to
increase with increasing reference velocity. JIn previous studies conducted
at General Electric, the CO and HC levels have been found to correlate well
with an-exponential function of inlet temperature, a powe- function of inlet
pressure and a linear function of reference velocity. However, the exact
functional relationships describing these changes have been found to be
highly dependent upon the combustor configuration being evaluated. Some
combus tor configurations have been found to be very sensitive to changes in
inlet conditions, while other configurations were much less sensitive.

In the Phase I Program, the engine operating conditions of most interest
from a CO and HC emissions standpoint were the standard day idle conditions.
This operating condition was exactly duplicated in the tests. Thus, no
extrapolation of these data was required., At most of the simulated high
power operating conditions of interest, the various test configurations
operated with very high combustion efficiencies and correspondingly low CO
and HC levels. Extrapolation to true engine conditions would have resulted
in even lower CO and HC levels. Some tests of the Radial/Axial Staged
Combustor, however, produced higher quanticies of CO and HC at the simulated
high power operating conditions. Because of the significant levels of these
emissions, in some cases, at these conditions an empirical method of extra-
polating the data to the actual engine pressure levels was developed.
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CHAPTER 1II, BASIC PHASE I PROGRAM

INTRODUCTION

The objective of the basic Phase 1 Program was to identify, define and
develop promising combustor design approaches with significantly lower CO,
HC, NO4 and smoke emissions levels than those of current technology combustors
for use in advanced CTOL commercial transport aircraft engines., Thus, the
efforts of this program were involved with the screening and evaluation of a
large number and. variety of combustor design concepts, These efforts were. .
specifically directed toward defining advanced combustors for use in the
General Electric CF6-50 engine, although the resulting combustor design
technology was intended to be generally applicable to all advanced engines in .
the large thrust size category.

The pollutant emissions objectives of these efforts were each defined at
specific CF6~50 engine operating modes. The target levels are shown in ..
Table I, where they are compared to the emissions levels of the current
production CF6-50 engine at the same operating modes. As is shown by this
comparison, major reductions in the levels of the three gaseous pollutant. ..
emissions are needed to meet these target values. The key combustor per-
formance objectives of these efforts were, essentially, to maintain the sawe
high performance levels in the low emissions combustors as are obtained with
the current production CF6-50 combustor.

The key task elements of the.basic Phase I Program involved the definition
of advanced combustor design approaches, the aeromechanical design of CF6-50
engine~size versions of these approaches, the fabricatilon of full annular
versions of these deaigns and the development testing of these full annular
combustor configurations. The combustor configurations were. all designed to
£1t within the combustor housing of the current production CF6-50 engines and
were evaluated, at elevated pressures, in a test rig which. exactly duplicates—
the combustor housing of the engine,

The basic Phase I Program effort was comprised of two program elements,
which were carried out in parallel. Program Element I involved the design,
fabrication and test of CF6-50 engine-size combustors with various NASA
Swirl-Can-Modular dome configurations. A schematic illustration of this
family of combustor test configurations is presented in Figure 23, Versions of
this type of combustor design with arrays of 60, 72 and 90 swirl cans, with
various types of swirl-can flameholder devices, with various fuel injection
devices and with various types of fuel injection staging were evaluated. In
total, 17 combustor configurations were tested as a part of Program Element I.

Program Element II involved the design, fabrication and test of CF6-50
engine-size combustors with other types of advanced dome configurations. The
three basic families of configurations which were evaluated in this program
element were the Lean Dome Single Annular Combustor, the Lean Dome Double

58




Figure 23,

Swirl-Can-Modular Combustor for CF&6-50 Engine,
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Annular Combustor and the Radial/Axial Staged Combustor, Schematic {l1lus~
trations of these CF6~50 combustor design approaches are presented, respec-
tively, in Figures 24, 25 and 26. Versions of each of these combustor types
with various combustor airflow splits and with various other configuration
modifications were evaluated. In total, 17 combuator configurations were
teated as a part of Program Element IT.

An extensive quantity of testing was completed in this basic Phase I
Program. In each program element, 17 combustor test configurations were
evaluated, Combined, data were obtained at a total of 733 individual test_
points in 43 individual test runs., The-total test data acquisition time
involved in obtaining these data was over 220 hours, -

In the following sections of this chapter,. descriptions of the various
combustor test configurations, descriptions of the measured pollutant and
performance characteristics of these combustors and assessments of the
results of these design and development efforts are.presented.

COMBUSTOR TEST CONFIGURATIONS

Program Element I Combustor Test Configurations

The Program Element I combustor configurations consisted of various ver-
slons of Swiri-Can-Modular Combustors, all sized for use in the CF6-50 engine.
The Swirl-Can-Modular Combustor design concept was developed at the NASA-
Lewis Research Center for application in advanced turbojet engines. .This
combustor design concept consists of a modular array of carbureting swirl cans,
each with an axial air swirler and a flame~stabilizing plate, Each module
contalns features to premix the fuel.with air in the carburetor, swirl the
fuel-air mixture, stabilize combustion in the swirl-can wake and provide
interfacial mixing areas between_the bypass air through the swirle-can array
and the hot gases in the wake of the swirl-can modules. In such Swirl-Can-
Modular Combustor designs, a.large number of swirl cans,_arranged in several
annull within the dome, are utilized,

The various Program Element I designe were intended to build upon the
NASA Swirl-Can-Modular Combustor experience and to identify design features
capable of providing further reduced CO0, HC and NO, emissions levels for this
combustor design approach. They were, however, constrained to fit into the
current CF6-50 engine flowpath envelope and to use the production CF6-50
combustor cooling liners. The Program Element I Swirl-Can-Modular Combustors
were, thus, designed for a significantly different engine application and
engine cycle than those of the previously conducted NASA investigations.
Therefore, some diffaerences in design were necessary. A comparison of several
key design features of the CF6-50 size designs with those of typical NASA designs
is shown in Table IX,

The most significant differences in the two sets of designs are in the
number of dome annuli, the size of the swirl cans and the module air loading.
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Figure 25,

Lean Dome Double Annular Combustor for CF6-50 Engine.
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Figure 286,

- — — —
T

Radial/Axial) Staged Combustor for CFG-50 Enginec.
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The use of a two-row dome design in the CF6-~530 combuator configuration (rather .
than.three or four rows, as in the earlier NASA designa) was dictated by the
geometric conatraints of the CF6-30 englne flowparh and the diameters of the
combustor cooling liners. To obtain an approximately square array of fuel
sources, an array in which each swirl-can flameholder is approximately square
in shape, the baseline CF6-50 Swirl-Can-Modular Combustor design incorporated
72 swirl cans, 36 in each row, This provided a radial.spacing of 5.87 cm,

and a circumferential spacing of 5,38 cm on the immer annulus and 6,40 cm on
the outer annulus., The use of fewer fuel injection sources than those used

in this baseline design was expected to improve the idle emissions (CO and HC)
levels of this baseline combustor, while the use of more injectors was

expected to reduce the NOx emissions, Consequently, a 60-swirl-can configura-
tion and a 90-swirl-can configuration were also defined. With the 60-swirl-can
dome array, the dome frontal area per swirl can was approximately equal to

that of the combustor designs used in earlier NASA investigations., The 72 and
90-swirl-can dome arrays, therefore, provided slightly less frontal area per
swirl can, and required smaller ¢lameholders than the earlier NASA design.

The size of the swirl can (3,18-cm diameter) used in the CF6-50 combustor
design was chosen so as to be common to all three combustor designs (60, 72,
90 cans)., The limiting case was the 90-swirl-can combustor where the
swirl-can spacing was only 4.31 cm in the inner annulus. This factor. precluded
the use of a larger sized can, as was used in the earlier NASA investigations,
since there would have been insufficient circumferential space for the flame-
holder. In addition, some of the 72-swirl-can combustor configurations were
designed to accommodate a counterrotating alr swirler around the swirl cans
and the 3.18-cm diameter swirl can was the largest that could be used with
this counterrotating air swirler. In addition to being a smaller diameter,
the Program Element 1 swirl cans were also longer than those used in the NASA
design to provide further protection against fuel escapement upstream of the
swirl cans.

The various Program Element I swirl-can combustor designs. were intended
to permit investigations of the effects of the various design parameters on
the pollutant emissions and performance characteristics of this combustor
concept. Design parameters such as number.of swirl cans, flameholder geometry,
fuel injection. technique, swirl-can airflow and combustor pressure loss were
extensively evaluated in these tests. 3ince the combustors were of modular
construction, most of the hardware was interchangeable among the various
designs. A description of the combustor hardware common to all swirl-can com-
bustor configurations tested in this program 18 presented in the following

section,

Common Design Features - The baseline combustor configuration design con-
tained 72 swirl cans and featured flat flame~stabilizing plates, axial air
swirlers and low pressure fuel injection devices, Modified CF6-50 production
combustor cooling liners and newly designed inmer and outer cowls completed
the combustor assembly. A schematic 1llustration of this baseline Swirl-
Can-Modular Combustor, with the key dimensions indicated, is shown in Figure
27. A photograph of this combustor is presented in Figure 28. Some of its
important geometric parameters are listed in Table X.
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Photograph of Baseline Swirl-Can-Modular Combustor.

Figure 28.
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Table-X. Swirl-~Can Combustora, Geometric Design Parameters.

Dome Height(l), cm

Burning Length, cm

Fuel Injector Spacing, cm
60 can
72 can
90 can

Area, cm2

Volume,,gm3$”

Inner

Annulus.. ... .

5.715

-

6.46
5.38

4.31

(1) At plane of flameholders

Outer
Annulus

5,715

7.69
6.41

5,13

Overall

11.43
26.67

2426

47,183



The basic dome support structure used in all Program Element 1 combustors
consisted of networks of sheet.metal "spectacles" welded to an inner and an
outer ring, The swirl~-can assemblies werc tack-welded into theae dome
mounting brackets, and the resulting dome assemblies were bolted to the inner
and outer cowls, To determine the effects of varying the number of awirl
cans on emissions and performance levels, three dome mounting brackets were
designed to accommodate 60, 72, or 90 awirl cans.

The modular swirl-can assembly (shown in Figure 29), which was common to

all Program Element I configurations, consisted of a cast cylindrical can and .

a sheet metal swirler and flameholder, These components were tack-wilded
together to allow_for .easy removal of any of the pileces,

Three different types of flameholders were designed. . These designs are
shown in Figure 30.._ The flat flameholders were designed in 3 sizes to permit
their use in the 60, 72 and 90-swirl-can dome arrays, These . flameholders were
all designed with equal amounts of air on all sides of the flameholders. The
flameholder extended over the exit of the swirl can (see Figure 27) and served
as a fuel trip ring to help provide a more uniform fuel distribution. A
variation of the flat flameholder design, with a multitude of radial slots
cut into each flameholder to increase the flameholder wetted perimeter, was
also designed for the 60-swirl-can dome array as part of the AST Addendum
evaluations. This latter configuration, which is shown in a parctially
assenbled dome array in Figure 31, was subsequently evaluated at both CF6-50
engine and AST engine operating conditions. The counterswirl flameholders

‘were designed only for the 72-swirl-can dome array because the counterswirler
resulted in flameholders too large for use in the 90-swirl-can dome. The
sheltered flameholders were designed only for the 90-swirl-can dome array.

All of these flameholders were intended to provide the high blockage necessary
to maintain the combustor pressure drop at the CF6-50 design level.

The amount of airflow passing through the swirl cans was controlled by
using different sized air swirlers. Three sizes were designed (Figure 32)
with different flow areas obtained by changing the pitch angle of the swirler
vanes., The swirler was brazed to a sheet metal sleeve to allow the axial
position of thc swirler in the swirl can to be easily changed.. ........

The standard fuel injectors used with all Program Element I configura-
tions were open-ended 0,46-cm inside diameter stainless steel tubes, with
fuel metering accomplished external to the combustor (using fixed fuel
metering orifices). To accommodate 60, 72 or 90 fuel tubes from the existing
30 fueling ports in the CF6-50 combustor test rig, a variety of fuel tube con-
figurations was required. During most of the combustor tests, these fuel

tubes were connected to the fuel manifolds in a manner allowing individual —

control of the fuel flow to each annulus, With this setup, the effects of
radial fuel staging could be investigated. Upon occasion, the fuel tubes
were also hovked up to investigate circumferential sector fuel staging at
idle.
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Figure 32, Swirl-Can Air Swirlers.
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The combustor inner and outer sheet mectal cowls used with all of these
test configurationa were designed with the ald of a General Electric aero-
dynamic analysils computer program to ensure that the proper combustor air-
flow distribution was cobtalned with a minimum of disturbance to the alrflow,
The inner. and outer cocling liners were modified CPF6-~50 production combustor
liners, with all the dilution airflow eliminated and the cooling alr reduced
by flamespraying the cooling holes, The cowls and liners were interchangeable
among all the Swirl-Can-Modular Combustor conflgurations tested,

The various test configurations may be categorized into three classifi-
cations according to flameholder type. The various test conflgurations, in
this classification, are briefly described in the following sections.

Flat Flameholder Configurations - Seven combustor configurations with
flat flameholder. designs.were tested. A summary of the key geometric
features of each of these teat configurations is shown in Table XI,

In the first three Program Element I tests, flat flameholder.combustor
configurations (I-1, I=2 and I-3) with .72, 90 and 60-swirl-can dome arrays,
respectively, were evaluated to investigate the effects of the number of
swirl cans on the emissions and performance characteristics of the CFG(-50
Swirl-Can-Modular Combustor design approach, With the fourth test configu-
ration (I-4), the benefits of sector fuel =taging on idle emissions were
investigated with the same 60-swirl-can combuator as used for Test Configura-
tion I-3. Test Configuration I-11 also consisted of a 60=-swirl--can com-
bustor, modified to produce a higher combustor pressure loss, to determine
the effect of changes in this important combustor design parameter on the
emissions levels. It was also used to ilnvestigate sector fuel staging as an
idle emissions reduction technique. Test Configuration I-1% was a re-creation
of I-2 in order to obtain more data with this configuration and te permit
a more confildent extrapolation of its measured NOy emissions levels to engine
operating conditions. The final flat flameholder test configuration (III-1)
was designed as a part of the AST Addendum program.. With this configuration
a large increase (about a factor of 3) in the wetted perimeter of the flat
flamcholders of the 60-swirl-can combustor was obtained. The high airflow
swirlers were also used in this configuration.

Counterswirl Flameholder Configurations - The counterswirl flameholder
combustor configurations featured the use of a-.counterrotating air swirler
mounted around the swirl can (Figure 33) to improve the fuel and air mixing
within the flameholder wakes, 1In this approach, the outside swirler airstream
was intended to create an intense sheering zone with the fuel-air mixture
from the swirl can, allowing more intense mixing and providing leaner, more
homogeneous dome mixtures., All counterswirl flameholder test configurations
used the 72-swirl-can dome array. A summary of the key geometric design
features is shown in Table XI.

The main design parameter investigated with this series of test configura-
tions was the fuel injection technique. In each of the four test configura-
tions, a different injection technique was used in an effort to further improve
the dome fuel-air mixing. The four techniques employed are shown-schematically.

in Figure 34,
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Figure 33,

Swivl=Can/Counterswirl ¥Flamcholder Assembly,
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The initdal counterawlrl {lamcholder combuator test eonfipuration (1-5)
used the standard, open~ended fuel tubes, With these standard fuel tubes,
vary low fuel injection velocitien were obtalned, coven at high power (high fuel
flow) opeorating conditions, Tt was felt that increasing thls fuel velocity
might improve fuel atomization quality, ‘therefore, Teat Conflguration 1-6
featured the use of the standard fuel tubes, cach with a small diameter ori-
fice installed in its ond., This orifice increased the velocity of the
Injected fuel by a factor of almost seven, Flow visualization studies showed
that, by shortening the standard fuel tube by about one ¢m, a much tmproved
fuel spray pattern could be obtained, This modification was incorporated
into Test Configuration I-9, The final counterswilr) flamcholder test
configuration (I~16) incorporated small, pressure-atomizing simplex spray
nozzles to provide very good fuel atomization and distribution at all teat
conditions, 1In addition, the air swirlers inslde the swirl cans were removed
in order teo obtain the highest airflow possible through the swirl cans.

Sheltered Flameholder Configurations - Six combuster test configurations
featured the use of sheltered flameholders. This flameholder device was
desipned with the axlal dimension of the flameholder extended 1.27 cm down-
stream from the plane of the swirl cans (Figure 35). This created a
"sheltered" region in the wake of the cans, and was intended to provide more
time for the swirl-can air and fuel to mix before entering the primary com-
bustion zone, All configurations used the 90-swirl--can dome array, The
key geometric features of each configuration are shown in Table XTI,

The first three sheltered flameholder test configurations were intended to
determine the effects of varying the swirl-can airflow on the emissions and
performance characteristics of this combustor design, Test Configuration I-7
used the lowest flow. area air swirlers, while Test Configuration 1-8 incor-
porated the highest flow area swirlers, and Test Conflguration I-10 utilized
the intermediate flow area swirlers, In addition, Test Configurations I-8
and I-10 (and. all succeeding sheltered flameholde:r =snfigurations) incorporated
a modification of the flameholders to raise the cowbustor pressure loss to
the correct level, For Test Configuration I-12, diluiion holes were added to
the second cooling panel of the outer cooling liner in line with and between
each swirl can, in an effort to direct that portion of the dome.-airflow
passing between the flameholders and the outer cowl into the primary combustion
zone, It was felt that a large amount of avallable cowbustion air was being
allowed to escape the combustion zone along the outer liner, For Test
Configuration I-13, this liner dilution air was eliminated and four small
holes were added to each flameholder just aft of the alr swirler plare. These
latter flameholder dilution holes were found to provide improved fuel atomi-
zation quality from the swirl cans during fuel spray visualization tests.

The final sheltered flamcholder test configuration (I-15) was a rebuild of Test
Configuration I-10 and was evaluated in a more extensive test series, in-
¢luding sea level ignition testing,
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Program Element II Combustor Test Configurations

Tn Program Element IT, three basic combustor design concepts were
investigated; a Lean Dome Single Annular approach, a Lean Dome Double
Annular approach and a Radial/Axial Staged approach., The general arrange-
ments of these three design approaches are shown in Figures 24, 25 and 26.
All were designed for use with the existing CF6-50 production combustor
cooling liners,

In the Lean Dome Single Annular Combustor approach, greatly increased
percentages of the total combustor airflow were introduced into the iome,
or primary combustion zone. This lean dome approach involved the least
degree of design modification of the production CF6-50 engine combustor.
However, to obtain satisfactory operation at low power with this lean dome
design, variable geometry features to reduce the amounts of airflow into the
primary combustion zone would probably be needed. Many variable geometry
approaches involving a mechanical and/or fluidic modulation are conceivable.
Variable geometry modulations and actuation techniques were not investigated
in this program, but the potential advantages were assessed by testing fixed
geometry combustors with first a rich and then with a lean dome. In all, four

Single Annular Combustor configurations were investigated. Thelr design details

are deacribed in a following section

The second of the basic concepts consisted of a Lean Dome Double Annular
Combustor approach. As in the Single Annular Dome approach, a key design
feature was the use of increased percventages of the total combustor airflow
into the dome, or primary zone. However, with this design approach all of
the fuel could be concentrated into one of the annuli at low power operating
conditions, thereby providing improved low power operation without variable
geometry. In all, six Double Annular Combustor configurations were investi-
gated. Their design details are described in a following section.

The third of these basic concepts consisted of a design in which bene-
ficial axial and radial fuel staging provisions were important features. In
thie latter design, the pilot stage was specifically sized for low power
operation., 1In this design approach, all of the fuel is supplied to this pilot
stage at low power operating conditions. At the higher engine power operating
conditions, the second or main stage is also fueled. This latter stage, which
handles a high percentage of the total combustor airflow, is dispiaced not
only radially but axially from the pilot stage., The main stage fuel is pre-
mixed, to some degree, with its airflow and, therefore, the resulting fuel-

air mixtures that flow into its combustion zone are lean and relatively uniform.

The burning of these lean mixtures is stabilized by the pilot stage of the
combustor., In all, seven Radial/Axial Staged Combustor conflgurations were
investigated and their design details are described in a following section.

Except for the Single Annular Combustor configuration, all of the com-
buster design concepts investigated within Program Element II utilized airblast
fuel injection techniques. Figure 36 illustrates the general features of these
fuel injection devices. 1In previously conducted General Electric development
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Figure 36, General Features, General Electric Airblast Fuel-Air
Atomization/Mixing Device,
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programs, the vse of fuel injection techniques of this kind resulted in
significant reductions in both CO and HC emissjons levels, as compared to the
levels obtained with more conventional pressurized fuel spray nozzle atomi-
zation. With airblast fuel injection methods of this kind, the fuel is
injected at low pressures and is atomized in swirl-cup devices by a portion
of the combustor airflow. Since the fuel atomization process is primarily
dependent on the air kinetic energy rather than on fuel precsure, very
effective fuel atomization and fuel-air mixing may be attained over wide
ranges of engine operating conditions, including idle. In the Single Annular
Combustor configurations, fuel injection was accomplished by use of standard
pressure-atomizing CF6-50 engine fuel nozzles. These nozzles produce good
fuel atomization with low fuel flows by using a small primary orifice, as well
as with high fuel flows through the utilization of an additional larger
secondary orifice. The dual-orifice operation is accomplished by a pressure-~
activated valve. This method provides good fuel atomization over the entire
range of engine operating conditions.

Single Annular Combustor Configurations - The general arrangement of
the Single Annular Combustor test configurations is shown in Figure 37.
The combustor assembly consisted of a dome, a cowl and cooling liners. The
first test configuration (IT-1) consisted of a production CF6-50 engine com-
bustor. For the three lean dome combustor configurations, these same basic
configurations, but modified, were used, The dome modifications. consisted of
installing counterrotating high airflow secondary swirlers and dome dilution
holes., The dome dilution holes were used only because the swirler airflow
could not be increased further. The key design parameters of these cowbustors
are shown in Table XIT._ A photograph of the dome in the assembled combustor
is shown in Figure 38. The cooling modifications consisted of reducing the
cooling flow metering hole areas and closing the dilucion holes.

The production cow. assembly was used for Test Configuration II-2, but
the pressure drop was higher than planned. This cowl was found to excessively
throttle the airflow into the dome array. For the last two tests, the cowl
was cut back, which eliminated this airflow throttling,

Double Annular Combustor Configurations ~ The general arrangement of the
Double Annular Combustor design approach is shown in Figure 39 and its key
design parameters are tabulated in Table XTII, The combustor assembled for
the first test 1s shown in Figure 40, The fuel injector assemblies used in
all test configurations are shown in Figure 41, The combuster assembly con-
sisted of a dome assembly, a cowl and modified CF6~50 production combustor
cooling liners.

The dome assembly consisted of two annular spectacle plates separated hy
a small centerbudy. Assembled in the spectacle plates was an array of 60 air
swirlers (30 in each annulus), The air swirler components consisted of a
primary air swirler/venturi casting, a counterrotating secondary air swirler,
a flameshield and a retainer ring., The air swirler assemblies were attached
to the dome spectacle plates with a radial slip joint arrangement to accom-
modate mechanical stackup and thermal growth between the fuel injectors and
the combustor assembly. The flameshields were impIngement cooled., The
centerbody and dome panels were film cooled using wiggle strip construciion.
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Table XII,.

Test
Configuration

Combustor
Type

Pressure
Loss-% at SLSTO

Dome Airflow
%2 Combustor Total

Swirler
Dilution
Total

Liner Dilution
Alrflow, %

Panel 1
Panel 2
Panel 4-6

Cooling Adrflow
% of Total

Dome
Liner
Total

Summary of Design Parameters,

Single Annular Combustor Test Configurations,

II-1

Production CF6=30

4,30

17.1
-0
17.1

45.

11-2

Single Lean Dome

5.90

Geometry ---- Common to &ll Configurations.

I11-3,5

Single Lean Dome

l‘.so

R R

Dome Height, Ch=—=——======- 11,34
Burning Length, cm===——=- -=34,80
Fuel Inj. Spacing, cme—=-—- 65.93
Dome Exit Area, cmé—==-— -~2409
Volume, em> 67,960
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Table XIII,

Test
Configuration

Pressure Loss
Total, at SLTC, %

Alrflow Distributions,
% of Combustor Airflow
Outer Annulus
Swirler
Dilution
Total

Inner Annulus
Swirler
Dilution
Total

Cooling Airflows,

Both Annuli
Dome
Centerbody
Liner

Dome Height(l), cm
Quter Annulus
Inner Annulus
Overall

Burning Length, cm
Outer Annulusz%)
Inner Annulus )
Qverall

Fuel Inj. Spacing, cm
Quter Annulus
Inner Annulus

Area(l), cm
Outer Annulus
Inner Annulus
Overall

3
Volume y CI
Quter Annulua(z)
Inner Annulus(z)
Overall

Superscripts:

Summary of Deaign Parameters,
Double Annular Dome Combustor Test Configurations.

11-4

4.75

32.7
none
32.7

32,7
none
32.7

11-8

b.65

11-9

4,32

I1-11

4.72

11~13

3,42

I1-16 All

5.80

7.8 to 9.0

3.3 to 3.7

17.2 to 23.6

5.69

5.33

11.35

5.08

5.08

30.35

-=- 1028

(1) —- At trailing edge of centerbody

(2) === From flameshields to trailing edge of centerbody
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Figure 41, Fuel Injector Assemblies, Double Aunular Combustor.
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The cooling liners woere modified in that the cooling flow metering hole
areas wvere reduced and the standard «4ilution holes were closed. Howover,
new dilution holes were added for some of these test configurations,

The 60 fuel injectors {30 assemblies) consisted of low pressure drap
devicrs which were inserted in the normal manner (externally) after the com-
bugter was installed in the tesc rig. The fuel injector tip and counter-
rotating alr swirler combinatisn used in these combustors is an airblast fuel
atomization/mixing device previously developed at General Electric for use in
advanced engine combustors. For this program, the fuel injector tip/primary
alr swirler design was used intact, but new higher airflow secondary air.
swirlers were designed. Tae key dimensions of the fuel injector/air swirler
asgembly are shown in Figure 42.

Six Double Annular Combustor test configurations were investigated., Each
change was systematicelly made to more nearly approach the exhaust. emissions
goals. The key desiga parameter variations, as showm in Figure 43 and Table
XITI, were:

. Airflow split between dome air swirlers and liner dilution holes.
. Alrflow split betwen inner and outer annuli. —_—
.. Locetion and type of dilution holes.

In the first two test configurations (II-4 and II-8), all of the combustor
airflow (except that required for cooling) was equally split between the inner
and outer annulil, and the split between dome air swirlers and line: dilution
holes was varied. 1Im the last four test configurations (II-9, II-11, II-13,
II-16), the airflow was highly biased to the inner annulus and the location and
type of dilution holes were also varied. 1In each case where liner dilution
holes were used, they were located in line and between each fuel injector (60
holes per liner)., Simple flush holes were used in Test Configurations II-8,
II-9 and I1-~11. Thimbled holes (Figure 43) were utilized in Test Configurations
I1I-13 and II-16 to provide better penetration of the dilution air jeta. In test
configurations where the dome swirler airflows were reduced, the reductions were
made by blocking vanes of the secondary air swirlers,

Radial/Axial Staged Combustor Configurations - The general arrangement of
the Radial/Axial Staged Combustor is shown in Figure 44. The combustor
assembled for the first test is shown in Figure 45. The fuel injector
assemblies are shown in Figure 46, The combustor assembly consisted of a
pilot stage dome assembly, a main stage flameholder/chute assembly, a cowl,
and modified CF6~50 production combustor cooling liners.

The pilot dome assembly consisted of an annular spectacle plate and an
array of 30 air swirlers similar to those in the Double Annular Combustor
configurations. The &ir swirler components consisted of a primary air
swirler/venturi casting, a counterrotating secondary air swirler, a flame-
shield and a retainer ring. The air swirler assemblies were attached to the
dome with a radial siip joint arrangement to accommodate mechanical stackup
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Figure 45,

T ey

Radial/Axial Staged Combustor Assembly, Forward Looking Aft,
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and thermal growth between the fuel Injectors and the combustor assembly.
The flameshields were impingement cooled. The dome panels were film cooled
using a stacked ring comstruction.

The main stage Flameholder assembly (Figure 47) consisted of an array of
60 sloping high blockage (about 80 percent) flameholders which were semi-
¢circular in c¢ross section. The flameholder width was constant from base te tip
so the main stage air admission gap or 'chute" width varied slightly from
the inner to outer diameter., In this design approach, the base of the flame-
holders opens to permit the pilot combustion products to flow radially outward .
in the flameholder wakes and pilot the main stage combustion process. An
array of cooling air holes at the tip of the flameholders was used to cool the
outer flameholder/cowl/liner joint which was followed immediately by a filu
cooling slot in the outer liner.

The cowl contained a flow splitter to: (1) form a smooth flowpath for
the main stage air, and (2) isolate the main stage fuel-air mixture from
the pilot outer film cooling air. The main stage flowpath was designed to . : ‘
smoothly accelerate the main stage air from about 46 m/s at the inlet to
about 91 m/s at the fuel injection station and to about 137 m/s at the chute
exit surface,

o

The pilot stage fuel injector/air swirler combination consisted of an
airblast fuel atomization/mixing device, as was previously described. The main
stage fuel injectors consisted of 60 simple low pressure drop spraybars, each
having a pair of opposed circumferentially-directed orifices (0.103-cm dia-
meter). The fuel injector assemblies were installed in the rig from the
inside before the combustor was installed. This design was selected for
screening tests so that the main stage fuel injector location and/or configura-
tion could be changed readily. In actual engine application, these injectors
might be mounted radially from new pads In the outer casing.

The cooling liners were modified in that cooling flow metering hole areas
were reduced and dilution holes were closed. The outer liner was also
shortened.

Seven Radial/Axial Staged Combustor test configurations were evaluated.
The key design parameter variations are shown in Table XIV and Figure 48. The
emissions goals of the Phase I Program were very nearly approached with the
first test configuration, but with somewhat reduced combustion efficiency
levels at high power operating conditions. The design variations that were
investigated included:

(] Adding splash plates (Figure 49) to the main stage fuel
injectors, Flow visualization tests shnwed the original
fuel injectors provided good circumferential but limited
radial fuel spreadin;. The splash plates increased the
radial extent of fuel spread at some expense to circum-
ferential spreading.
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Table XIV. Summary of Design Parameters,
Radial/Axial Staged Combustor Test Configurations.

Test 11-6,7
Configuration

Pressure Loss
Total, at SLTO, 7% 4.75

Airflow Distributions,

% of Combustor Airflow
Pilot Stage Swirler 12,7
Main .Stage Chutes 59.2

Cooling Flows

1I-10 II-12,15

4.75 5.15
12.7 10.8
59.2 60.4

I1-14 III-2 All
5.16 3-95 =
8.2 9.3 ———

62.3 64.5 ———

Pilot
Liners

Fuel Injectors
Pilot Stage

Type

Spacing, cm - 6.65
Main Stage-Type Plain Splash Splash _ Splash Splash
Plates Plates Plates Plates ————
Burning Length, cm
Pilot Stage(l) - 8.61
Overall = = =  —eecccmccmcm———— 30.35
Volume, cm3
Pilot Stage 14,978
Overall 54,110
Pilot Stage Dome
Height, em 2 8.04
Area at Exit, cm —— - 1,491
Superscript: (1) --- From dome flameshields to main stage flameholders,
98

10.8 to 12.3
"1504 to 1702

Fuel Nozzle

el




Configuration II-10

Contfiguration II-14

Airflows are Percent of Combuster Alrflow

Configuration 1II-2

: Figure 48, Design Parameter Variations, Radial/Axial Staged Combustor.

99



R L

T o A g = e e ey o g e e e o e e - . «J . e
o ~ T g v -

-x03snquoy pa3els TBIXY/18IPBY

‘xeqlexdg 1ang 28elg UTEBN 3yl 93 suotriedryIpoy aireld yseids ‘"6 2In31J

.
W (G0 e e

g - e
Bt e e

100




® Reducing the pllot stage airflow. The Intent was to bias
the fuel further to the main stage while holding or
increasing the pilot stage outlet temperature. Pilot
stage alrflow was reduced by closing off some of the
secondary air swirler flow passages.

] Adding turning vanes to the main stage chutes (Figure 50)
to promote more intense mixing between the pilot and
main stage flows.

Throughout these tests, the fuel injectors were manifolded so that

various fueling modes and wide variations in fuel flow splits could be
investigated.
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Figure HO,  Turning Vanes Tnstalled in Chutes, Test Conlipuration 1112, :
]
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EXPERIMENTAL . RESULTS

In the basic Phase I Program, 34 combustor configurations were evaluated.
In the following sections of this chapter, the results of these tests, cate~
gorized by combustor design type, are presented. The actual sequencing of
these various tests that was used in conducting this development effort is
presented in Appendix C. An extensive quantity of data was accumulated in
these tests. These data, particularly the pollutant emissions level data,
were consistently found to be of high quality, This assessment of the data
quality is based on several factors including the generally excellent
instrumentation calibration consistency, metered-to-sample fuel-air ratio
agreement, data repeatability and consistency of data trends.

In each program element of the basic Phase I Program, 16 test configura-
tions were defined and evaluated., As a part of these tests, plggybacked
evaluations of several of these test configurations were also conducted at
combustor operating conditions which would be associated with an AST engine
at supersonic cruilse. These piggybacked tests were carried out as a part of
the AST Addendum. Also as a part of this addendum, a special version of a
Program Element I test configuration and a Program Element II test configura-
tion was defined. These two configurations were then evaluated at the AST
cruise conditlions. In these latter two testas, piggyback evaluations at the
combustor operating conditions of the CF6-50 engine were also included. Thus,
in each.element of the basic program 17 combustor configurations were tested
at the operating conditions of the CF6-50 engine.

Detailed summaries of the results of these tests are presented in Appendix

C. In the following discussions, the key results, with emphasis on the pollu-~
tant emissions results, are presented.

Program Element I Results

The key pollutant emissions level results obtained with the 17 NASA
Swirl-Can-Modular CF6-50 combustor configurations at standard day idle, hot
day approach, hot day climbout, hot day takeoff and standard day cruise
operating conditions of the CF6-50 engine are presented in Tables XV, XVI,
XVII, XVIII and XIX, respectively.. In general, only relatively small reductions
in pollutant emissions levels were obtained with this CF6-50 combustor design
approach. However, at the idle and intermediate engine power operating condi~
tions, significant ROy emissions level reductioms with high combustion effi-
ciency levels were obtained. The significant findings of these Program Element
I tests follow.

Flat Flameholder Combustor Configurations - Seven Flat Flameholder test
configurations were evaluated., In this series of test configurations, the
lowest CO and HC emissions levels at idle operating conditions of any of the
Program Element I test configurations were obtained (Configurations I~3 and
I-4), However, excessive flameholder metal temperatures generally limited the
high power testing of this series of test configurations.
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Table XV, Standard Day ldle Emissions Date, NASA Swirl-Can-Modular CFG-50

Combustors,
, Engine Combuator Conditions: Prs T3 Yrar FPuel-Atr. Ratlg

T e $ Kk 195 /e 0,0140
Engine Conditions Duplicated Tn Yeat Rig

Oxiden of  Catbon Uinburned " Combwstlon
Hitrogen Honoxide Hydracatbonm ¥ é€iclency
i &/%ks Fucl g/kg Fuol  g/ky Fuel 1

Program fioals

. —— 20 4 99+
CF6=3G Engine 2.8 67 27 95,7
i CF6-50 Combustor Rig Dara 2.69 76 24 95.8
Swirl=Con Combuator ]
r #2-Modyle Flat Plate Arzay
Configuration 1-1
i All Hodules Fuelod 1,76 116.5 as 88.3
- . O.b. Row Only Fucled 2,35 94.% 59 91.9
' 90-Modulg Flat Plate Array
d Cenfiguration T=2
Al)l Hodules Fucled 0.90 132, 62 0.7
0.0, Row Only Fueled 2.50 89. 3.5 94.4
B 0.D, Row Only Fuuled 6% Alr Bleed S{mulation,
. PN = 0.0149 2.58 B& 8.5 95.1
v 0.D, Row Only Ficlad 12X Adr Bleed Simulation,
L ¥fA = 0.0157 2,65 81 25,0 95.6
Configuration I-14
0.D. Row Only Fueled 2.24 89 8.8 95.0
1.D. Row Only Fucled 2.32 74.5 13, 95.0
All Medulos Fueled, 180° Scctor Burning
Simulacfon at F/A = 00,0280 2,11 64, 15, 97.0
£0-Hodule Flat Plate Array
Configuration 1-3,4
All Modules Fucled 1.47 117. 80, 89.3
2 Altemate 90* Sactora Fusled, Outer Row
Fuel 2x Inner Row Puel 2,48 69.2 11.8 91.2
0.0, Row Only Fueled 2.23 116 80,5 89,2
Y.D. Row Only Fueled 2.5 61. 12.6 57.3
Configuration i-11
All Modulea Fualed 1.65 128, 83,5 89.6
Outer Row Fuel 1/2 Tnner Row FPuml 2,37 2i.4 15,5 96.8
. 1 240° Sector Fueled, Outer Row Fuel 1/3
. Laner Row Fuel 1.95% [ ] 39, 924.0
i All Hodyles Fucled, 1B0* Sector Burning
' Simulation at F/a = 0,0280 2,26 &8, .5 98.7
Configuration LIT-T AST Deaign
; All Hodules Fuoled 0.98 147, 155. 81.1
: All Modulen Fueled, 180* Secior Rurning
Simalatfon, F/A = 0,0280 1.65 17, 30.5 95.1
1.D. Row Only Fuelad 1.7 0 60, %1.6
72-Kodule Counterswirl Flameholder Ar gy
Configuration 1=5
0.0, Row Dnly Fucled 1.82 109 89. 28.6
1 1.0, Row Only Fucled 2.5 100 M9, 94.8
: Configuration [=¢
0,D. Row Only Fueled 2.17 100 5i. 92.6
- 1.0. Kow Only Fucled 2,32 9L.5 40 93.9
| Contiguration 1-9
L., Row Only Fucled 2.11 3. 36, 94.5
All Hudulen Fueled, 1BO* Sector Lurning
; Simulation, ¥/A = 0.0280 1.50 70, 2.4 96.1
: Configuration 1-16
1.D. Row Only Fueled 1.8 92,1 90.5 88. 8
All Modules Fueled, 180* Sector Burning
Similation 1.73 1.5 ih. 3.6
90-Hodule Sholtered Flameholder Array
Configurntion -7
0.0 Row Only Fucled 1.7% 108, 85, 89.0
1.D. Row Only Fueled 2.17 102, 59. 1.7
Configuration 1-8
0,0, Rew Only Fueled, Pry = 3.39 atm 2,07 108. 75. 90,0
' 0.D, Row Only Fueled, Fry » 4,3 atm 1,94 92,1 55.6 92,2
1.D. Row Only Fueled, Bryg= 2,75 atm 3,14 105 60.4 $1.3
1.0, Row Only Fusled, Pry ™ 4.3 atm 2,68 490.1 1.4 92.8
.
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Table XVI, Iot Day Appraach Emissions Data, NASA SBwirl-Can~Modulnr CFG-50

Combustors,

Engine Combustor Conditiona: pIS Eig vrof Fuel-pdr Ratio
11.6 atm  661° g 26.5 w/a 0.0142

Rig Tosting At Roduced Prossures Up to 9.6 atm,

Other Conditions Duplicated.

Program Goals
CF5-50 Engine
CF6-30 Engine Rig Data

Swirl-Coan Combustor Configurations:

12-Module Flat Plate Array
Configuration I-1

20-Module Flat Plate Array
Configuration I-2
Configuration I-l4
180° Sector Burning Simulation at
P/fh = 0.0284

60-Module Flar Plate Array
Configuration 7~3,4
Pry = 3.4 atm
Pr3 = 6.8 atm
Configuration I-11
180° Sector Burning Simulation at
F/A = 0,0284
Configuration ITI-1 AST Design
180° Sector Burning Simulation at
F/A = 0.0284

72-Module Counterswirl Flameholder Avray

Configuration I-5

Configuration I-é

Configuration 1-9
180° Sector Burning Simulation at
FfA = (0.0284

Configuration I-16
180° gector Burning Simulation at
F/A = 0.0284

90~-Module Sheltcred Flameholdar Array
Configuration I-7

Configuration I-8
180° Sector Buming $imulation at
FIA = 0.0284

Configuration I-10,15
180° Sector Buruing Simulation at
F/A = 0,0284

Configuration 1-12
180° Sector Burning $imulation at
EfA » 0.0284

Configuratfon 1-13
180° Sector Burning Simulation at
FfA = 0.0284

Oxides of Carbon Unburnad Combustion
Nitrogen Monoxide  Hydrocarbons Effiecicncy
gfkg Pucl g/kg Fucl  gfky Fuel Z
- = - 99+
12,0 4.0 0.1 99.49
10.7 1.5 0,3 99.8
8,2 28.0 8.9 98,4
5.8 1.0 2.8 95.0
5.35 57,5 6.5 98.0
9.30 27,0 0.65 99.3
6,15 40.0 2,44 98.8
6. 74 22,4 1.32 99.4
5.90 60.0 5.0 98.1
8.69 24.5 0.6 99.4
6,30 719.0 14.6 96.6
8.95 7.0 1.2 99.0
6.2 79.0 11.5 96.9
G.55% —_——— m——— o a—
4.15 107. 41.5 93.2
8.55 24.0 1.5 99.3
2.0 131. 262, — 70,7
89 — 7.0 1.0 99,3
7.2 81.5 26.0 95,5
6.6 19.0 21,5 96.1
9.8 36.0 2,0 94.0
6.7 71.0 16.0 96,7
9.8 3.0 2.0 99.0
6.7 73.0 131, 85.2
9.4 30.0 1.0 98.6
6.1 80.0 16.0 96.6
9.8 L0 1.8 99,1

Smoke
Rumber
SAE No.

Note: #No Hot Day Approach Rig Data Obtained for Thia Configuration.

Were Extrapolated From CTOL
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Table XVII, Mot Day Climbout Emissions Data, NASA Swirl-Can-Modular CF6-50
Combustors,

Engine Combustor. Conditiona: PT3 tr! vref Fuel-Afir Ratio

25.3 atm  825° K 76,5 m/e 0.0225

Rig Testing at Raduced Pressure Up_to 9.6 atm, . Other Conditlons Duplicated,

Oxides of Carbon Unbumed Combustion Smoke
Nitrogen Monoxide Hydrocarbona Efficiency Number
8/kg Fusl. - gfkg Sual g/kg Fuel 3 SAE No,
Program Goals ~—— ———— ——— L
CF#6=30 Engine 36.0 0.3 - 0.1 99.9 12
CF6-30 Engine Combustor, Rig Data 32.0 0.3 0.1 99.9 2
Swirl-Can Combustor Configurationg:
72-Module Flat Plate Arra
Configuration I-1 31,6% —— - ———— —r———
90-Module Flat Plate Array
Configuration I-2 23.85 1.1 0= 100 e
Configuration I~14 27.2¢ - -— 9994+  ~memmea

60-Module Flat Plate Array
Configuration I-3,4 -=_No High Power Data Obtained

Configuration I~-11 30,4% —— ——— — —————
Cenfiguration III-1 AST Design 27,60 — - = me———-——
72-Module Counterawirl Flamcholder Atray
Configurution I-5 28.6 9.9 =0- 99.8 ]
Configuration I-6 28.00 m— —— 99,5+ e
Configuration I-9 26,28 —— -— 99,64+  mn—ceee
Configuration I-16 24.6 10.0 1.25 99.6  ;emaman
90-Module Sheltered Flameholder Array
Configuration I-7 28.7 9,2 ——2.3 9%.6 3
Configuration I-8
Pra = 4.76 atm 30.0 8.7 6.4 99.2 cemmeae
Pr3 = 6,80 atm 30.0 6.0 4.6 99.4 ;s
Configuration I~-10,15
Prqm 4,76 atm 30.8 74, 0.1 98.3
Prq = 6.80 atm 30.8 5.4 0.3 998 cmconea
Configuration 1-12 30,1 6,6 1.4 99.8 —————
Configuration 1-13 34.6 3.4 2.3 99,9 ccmeaa -

Notes: For the Above Models, Data at Hot Day Climbout Conditions Were Not Obtained. ‘Mie 9 Hs
Presented Above Were Extrapolated From the Following Conditions:

*Frou Hot Day Approach Rig Data.
#From CTOL Cruise Rig Data.
@From Hot Day Takaoff Rig Data.
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Table XVIII, Hot Day Takeoff Emissions Data, NASA Swirl-Can-Modular
CFG=50. Combustors,

Pyq Tr3 Vier Fuel-Alr Ratio

Engine Combustor Conditicns: T3
29.T atm 858" K 26,5 n/s 0.0245

Rig Teating At Reduced Pressure Up to 9.6 atm, Other Conditions Duplicated,

Oxides of Carbon Unburned Combustion Smoke
Nitrogen Monoxide  Hydrocarbons FEfficiency Number
g/kg Fuel  g/kg Fuel g/kg Fuel % SAE No.
Program Goals 10 — ——— 99+ 15
CFP6-50 Engine 44,0 0.2 0.1 99,9 12
CF6=50 Combuntor Rig Data 41.2 0.4 =0- 99,9 1
Swirl-Can Combustor Confipurations:
72-Hodule Flat Plate Array
Configurarion I-1 44 . 1% —— ——— m——— mme——
90=-Module Flat Plate Array
Configuration I-2 33.6f ——— — 1008 = ====-
Configuration I-14 38,18 = ——— 99.98 eseee
60-Module Flat Plate Array
Configuration I-3,4 == No High Power bala Obtained.
Configuration 1-11 39.7% —— -—— 99 . 44% -
Configuration III-1, Ppy = 4.8 atm 7.5 9.0 0.1 99.8 2
Configuration ITI-1, Pp3 » 6.3 atm 37.5 9.1 0.1 99.8 ———
72-Module Counterswir) Flameholder Array
Configuration I-5 37.6 12.0 =0~ 99.7 25
Configuration 1-6 37.0 12.7 0.4 99.7 6
Configuration I-9 37.2 3.2 0.9 99.9 =eee-
Configuration 1I-16 34.6¢ —_—— ——— 99, 74+¢ m————
90-Médule Sheltered Flameholder Array
Configuration I-7 38.5¢8 ——— -— 99.6¢  mree-
Configuration I~-8 39.7 8.6 0.3 99.8 2 s=m-—-
Configuration 1-10,15 39.1 5.9 -0- 98.9 = ~eee-
Configuration I-12 8.5 9.1 0.3 99.8 ————
Configuration I-13 46. 18 —_— -— 99,94  --reme
Hotes -— * No Hot Day Takeoff Data Taken For Thie Configuration. The NO, and Combustion Efficiency

Data Presented Above Were Extrapelated From Hot Day Approach Rig Data.

~= # No Hot Day Takeoff Data Obtained For This Configuration. The NO,, Combustion Efficiency
Data Presented Above Werc Extrapolated From Hot Day Climbout Rig Data.

== @ No Hot Day Tokeoff Data Obtained For This Configuration, The NO, And Combustion
Efficiency Data Presented Above Were Extrapolated From CTOL Cruisc Rig Data.

== ¢ No Hot Day Takeoff Data Taken For This Configuration. The NOy and Combustion

Efficiency Data Presented Above Were Extrapolated From Hot Day Approach,
Climbout, and CTOL Cruime Data.
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The first tests in thils series were aimed at determining the effect of
the number of swirl-can modules (60, 72, or 90) on emissions levels. The
NOy emissions levels at the takeoff condition were found to be about the
same as those of the CF6-50 production engine combustor and no strong effect
of number of modules was found. The 90-swirl-can combustor (Configuration I-2)
tended to provide lower NOy levels, but very limited data were obtained because
of excessive flameholder temperatures. A retest of this configuration (Configura
tion I-14) with a slightly reduced liner cooling airflow, in which more exten-
slve data were obtained, indicated that the effect of the number of modules
was very weak. Two other parameters were varied in this seriles in an effort
to reduce NOy emissions levels: increased combustor pressure drop, with no
improvewent (Configuration I-11); and increased flameholder perimeter (Con-
figuration III-1).

As expected, the idle emissions levels were highly dependent upon fueling
mode. For a common fueling mode these levels tended to increase with the
number of swirl-can modules. When only the finner.annulus was fueled, the idle
emissions levels of the 60-swirl-can combustor (Configuration I-3) were slightly
lower than those of the CF6-50 production engine.combustor. Various modes of
fueling the 60~swirl-can combustor were evaluated. Sector burning with half-
the modules fueled produced about the same CO and HC emissions levels as inner
annulus burning. The results of varying the sector size showed that the HC
emissions levels continued to decrease as sector size was decreased, but that
a minimum CO emission level was obtained with a sector size of about 180 degrees
(for. the nominal overall fuel-air ratio of about 0.014).

Combustion efficiency levels ~t all higher engine power test conditions
were consistently high (generally above 99.5 percent) and smoke emission levels
were very low, as anticipated. The exit temperature profile characteristics
were also generally favorable considering the development nature of the hard-
ware. Relatively heavy carbon buildups on the downstream face of the swirlers
and flameholders of the swirl-can modules were generally observed in posttest
inspections of these test configurations.

Counterswirl Flameholder Configurations - Four Counterswirl Flameholder
test configurations, all with 72-swirl-can modules, were evaluated. In this
series of test configurations, no tests were limited by flameholder metal
temperatures. One of the configurations (Configuration I-16) produced the
lowest MOy emissions level of any of the Swirl-Can-Modular Combustors that
were tested.

The main design parameter investigated in this series was fuel injection
technique. Some small effects on NOx emissions characteristics were found.
In the first configuration (Configuration I-5), the standard fuel injector
was used. In the second configuration (Configuration I-6), an orifice was
added to the end of each fuel injector tube, which produced no change. The
last two configurations (Configuration I-9, with a shortened fuel tube, and
Configuration I-16, with pressure-atomizing fuel nozzles and increased swirl-
can flow) produced reductions at the hot day takeoff conditions. The hot day
takeoff NOy emission index of Configuration I-16 was 35g/kg fuel, which was
the lowest obtained with any Swirl-Can-Modular Combustor in this program.
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The idle emlssions levels of this series of test configurations were
relatively unaffected by the fuel Injector changes and were generally higher
than those of the CF6-50 production engine combustor. Arnulus burning was
the oaly fuel staging mode investigated. The Flat Flameholder combustor test
results sugzest that somewhat lower idle emissions levels might have been
obtained with these Counterswirl Flameholder configurations with the use of
sector burning.

The combustion efficiency levels at the higher power test conditions were
consistently high in this series (generally above 99.8 percent). Relatively
high smoke levels were obtained with Configuration I-5, but low levels were
measured with Configuration I-6, indicating that the fuel injector modification
was somewhat effective. Carbon accumulation on the swirlers and flameholders
of the modules was relatively heavy in this series.

Sheltered Flameholder Configurations - Six Sheltered Flameholder test
configurations, all with 90-swirl-can modules, were evaluated. Only one test
configuration (Configuration I-13) in this series was limited by flameholder
metal temperatures. This latter configuration also produced the highest NOx
level of any Swirl-Can-Modular Combustor tested.

The design variables investigated in this series included swirl-can air-
flow quantity, overall pressure drop and alternate dilution air introduction
methods. Except for the use of flameholder dilution (Configuration I-13),
these changes had virtually no effect on NOx emissions levels. Higher pressure
drop (Configuration I-10) was somewhat effective at lower fuel-air ratios,
but at the hot day takeoff conditions the NOy level was relatively unaffected.
The idle emissions levels were also relatively insensitive to these configura-
tion changes. Sector burning again was found to be the best fueling mode,
especially with respect to HC emissions.

Again in this series, the combustion efficiency levels at the higher
power test conditions were consistently high (generally above 99,8 percent)
and the smoke levels were low. The exit temperature profile characteristics
were somewhat poorer than those of the Flat Flameholder configurations, due
mainly to the difficulty in maintaining dimensional uniformity of the dome
arrays. Carboning tendencies were less noticeable in this series than in
either the Counterswirl or Flat Flameholder configuration test series.

One of these configurations (Configuration 1-10) was selected for more
extensive investigations. This selection was made primarily because operation
was possible at all required high engine power modes with this test configura-
tion. 1In these additional evaluations (as Configuration I-15), the sea level
ignition characteristics of the combustor were measured (Figure 51).. The fuel
flow rates required for both lean blowout and full flame propagations were
found to be higher than those of the CF6-30 production engine combustor, in-
dicating that further development would be required to meet the CF6-50 altitude
relight requirements.
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Figure 51, Sea Level Ignition Characteristics, 90-Swirl-Can/Sheltered
Flameholder Combustor, Configuration I-15,
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Program Element II Results

Single Annular CF6-50 Combustor Confipgurations - Four single annular
configurations were evaluated in Program Element 1I. The key pollutant

emissions level results obtained with these test configurations are presented.-.

in Tables XX, XXI, XXII, XXITII, XXIV and XXV.

The first configuration. (Configuration II-1) in this series consisted
of a production CF6-50 engine combustor with modified fuel supply plumbing
arrays. The objectives of this first test were threefold:

° Check out all testing procedures, including the emissions data
acquisition procedures, for use throughout the program.

() Obtain baseline pollutant emissions and combustor performance data.

. Determine the degree of idle emissions reductions obtainable in
a conventional single. annular combustor by the use of fuel.
staging or CDP bleed air extraction methods at idle operating
conditions,

All three objectives were achieved. The newly defined exhaust gas
sampling equipment and procedures designed specifically for this program
performed as planned. The measured emissions levels agreed closely with
the levels predicted from CF6-50 engine tests. The NOy emissions levels
decreased linearly with fuel-air ratio at takeoff operating conditions, which
is typical of conventional (rich) combustor dome designs.

With CDP bleed alr extraction or sector burning at idle operating con-
ditions, significant CO and HC emissions level reductions were obtained, as
shown in Table XX. The use of increased bleed air. extraction reduces the
combustor. reference velocity, which itself 1s effective (increased residence
time), but more importantly increases the fuel flow rate required to maintain
engine speed. Combined, these effects significantly increase the combustor
fuel-air ratio. Fueling alternate nozzles at idle compared to fueling all of
the nozzles produced virtually no change in emissions levels. However,
gsector burning (15 nozzles fueled in 2 opposed sectors) provided significant
reductions,. The results indicate that further reductions might have been
achieved by:fueling fewer nozzles and/or grouping the fueled nozzles into one
continuous sector (rather than two sectors), since a major portion of the
emissions occurred in the interface region., It appears that the lean
interface quenching effect is che reason why fueling alternate nozzles is
ineffective and sector burning is effective.

Three Lean Dome Single Annular Combustor configurations (Configurations

11-2, 1I-3 and 1I-5) were tested. In these configurations all of the combustor

airflow, except that required for liner cooling, was introduced into the

dome. The first configuration (Configuration II-2) produced a large reduction
in NOx levels at low fuel-air ratios, but at the hot day takeoff conditions,
the NOx level was the same as that of the CF6-50 production engine combustor.
Apparently, the fuel-air mixing rate was slow compared to the combustion rate.
The idle emissions were very high, even with sector burning, and the high
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power combustion efficicncy levels had all of the characteriatice of a truly
lean dome combustor., Also, its preasure drop was high. Posttest data .
ananlyses and flow callbrations showed that the combustor cowl was undersized.
The cowl flow area was then increased which lowered the overall combustor
pregsure drop while Increasing both the dome pressure drop and dome airflow.
The combustor was retested as Configurations 11-3 and IT-5. This modifica-
tion provided a modest reduction.in NOy levels at all fuel-alr ratios.
However, at this polnt, the-lean Dome Single Annular Combustor desipn

approach was abandoned because:

. Relatively little progress had been made in reducing NOy
enissions.levels.

. The data indicated that, even if significant NOy reductions .were
achieved, the idle emissions goals would be very difficult to
approach even with conventional dome flows at idle, as in

Configuration. II-1.

. Both the Double Annular and Radial/Axial Staged Combus totr
design approaches indicated more promise.

Double Annular Combustor Confipgurations - Six Lean Dome Double Annular
Combus tor configurations were evaluated. The key pollutant emissions level
results obtained with these configurations are presented in Tables XXVI,
XXVII, XXVIII, XXIX, X¥X and XXXI.

In this series, significant effects of airflow distribution and fuel
flow split between the two dome annuli on emissions levels were found. No
significant reductions in emissions levels were obtained when the airflow
was split equally between the annuli, as was used in the initial configura-
tion (Configuration II-4). Idle and NO, emissions levels very similar to
those of the Lean Dome Single Annular Combustor were obtained, indicating
that doubling the number of fuel injection points was not. of itself a
great enoug: wiusge. A lower dome flow.configuration (Configuration 1I-8)
improved the if.¢ emissions levels gomewhat, but the NOy emissions levels
were even higher than those of the CF6-30 production engine combustor. These
trends together with the favorable results obtained with the Radial/Axial
Staged Combustor led to the biased airflow approach utilized in the. subaequent
Double Annular Combustor test configurations.

Significant reductions in both idle and NO, emissions levels were
obtained when the airflow was heavily biased to the inner annulus. In testn

of these types of configurations (Configurations 1I-9, II-ll, 11-i3 and II-16),

the fuel flow split between annuli (at high power) and the location and

type of the imner dome dilution air entry holes were fownd to be important
parameters in addition to the overall airflow split between annulil. As is
shown in Figure 52, the NOy levels were progressively reduced when the inner
liner dilution holes were moved. forward (Configuration 11-11 versus 11-9),
when thimbles were added to increase the dilution air jet penetration (Con-
figuration 11-13 versus 1I-11) and when the airflow was further blased to the
inner annulus (Configuration II-16 versus 11-13). These trends strongly
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. Table XXVI1, Illct Day Approach Emissions Data, Double Annular CF6-50 Combustors,

P T v
s . LT3 T3 ref Fuel-Adir Ratio
Lingine Combustor Conditions: 17,6 atm 661° K 26.5 m/s 0.0142
. Rig Testing at Reduced Pressures Up to 9,6 atm. Other Conditions Duplicated.
Oxides of .. Carbon Unburned Combustion Smoke
St Nitrogen Monoxide Hydrocarbons- Efficiency MNumber
Y g/kg Fuel g/kg Fuel g/kg Fuel % SAE No.
Program Goals ——— ———— PPN - T, 'S —
CF6-50 Engine 12.0 4.0 0.1 99.9 5
CF6~50 Combustor Rig Data
(At Pp3 = 6.8 atm) 10.7 7.5 0.3 99.8 —_—
Double Annular Combustor Configurations:
II~4 Pr3 = 3.40 atm
Pilot F/A = 0.0071 3.85 146 48 9:.8 ——
II-8 Pry = 3.40 atm
Pilot F/A = 0,0071 6.45 31 1.7 9%.1 ——
180°~8Sector Burning Simulation
Total F/A = 0.0284; Pilot F/A 10.3 1.0 =0= 100 ————
= 0.0142
II~9 Ppa = 3.40 atm
Pilot Only Fueled 12.7 26.0 0.2 99 .4 ——
II-11 Ppy = 3.40 atm
Pilot Only Fueled 17.0 2.0 0.1 99.9 e
Pilot F/A = 0.006 5.1 106 15.7 95,9 ————
Pilot F/A = 0,006 Total F/A = 0.0284 e e
Sector Burning Simulation 7.2 1.0 0 100
Pilot FfA = 0.004 4.8 115 14.8 95.8 —
Pilot F/A = 0,004 Total F/A = 0.0284 O ——
Sector Burning Simulation 7.5 7.0 0 99.9
I1~-13 Ppg = 4.76%
Pilot Only Fueled Sector Burning 6.9 —— e —— ———
Simulation, Total F/A = 0.0284 *
Pilot F/A = 0.005 5.05 ——— ———— ——— —
11-16 Pr3 = 4.76 atm*
Pilot F/A = 0.005 4.2 ~n— —-—— ——— -
Pilot F/A = 0,005: Sector Burning 4.8 —— I —— e

Simulation, Total F/A = 0.0284

Note: * For Models LI~13 and 1I-16, rig data were not obtaiied at the approach
condition. The NOx engine data presented above were extrapolated
from CIOL erulse data.
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Table XXVIII. Hot Day Climbout Emissions Data, Doubl

Combustors,
P T, Vv
. T3 T3 ref Fuel-Air Ratioc
Engine Teat Conditions: 2573 atm  825° K 785 m/s -———-—-----—-—---—O_C'225

Riy Testing at Reduced Pressures Up to 9.6 atm. Other Gonditions Duplicated.

Oxides of Carbon Unburned Combustion
Nitrogen Monoxide Hydrocarbons Efficiency
g/kg Fuel gfkg Fuel g/kg Fuel %
Program Goals —-_——— —_——— ———— 99+
CF6-50 Engine 36.0 0.3 __(3_._];_______?9.9
CP6~50 Combustor Rig Data
32.0 0.3 0.1 99.9

(At Pr3 = 9.53 atm)

Double Annular Combustor Configurations:

1I~4 Ppy = 4.76% atm

Pilot FfA = 0,006 to 0.010 24,6 ——— —_——
11-8 Pp3 = 4.76 atm*
Pilot F/A = 0.012 37.5 —— ———- ——-
11-9
At Pr3 = 4.76 atm
Pilot F/A = 0.010 28.0 6.0 0.3 99.8
Pilot F/& = (.006 23.1 3.5 0.2 99.9
At Pp3 = 6.76 atu
Pilot F/A = 0.005 23.3 3.5 0.1 99.9
At Pr3 = 7.2 atm
Pilot F/A = 0,004 23.9 6.6 1.3 99.8
1I-11 Pp3 = 6.8 atm
Pilot F/A = 0.006 20.6 2.5 0.1 93.9
Pilot F/A = 0.004 20.9 3.7 0.1 99.9
1I-13 Ppg = 4,72 atm
Pilot F/A = 0.005 17.9 2.0 0.1 99.9
Pilot F/A = 0.004 6.9 3.2 0.2 99.9
Pilot F/A = 0.003 18.3 5.3 0.2 99.9
11-16 Pp3 = 4.76 atm
Main Burner Only Fueled 17.1 6.5 0.1 99.8

Note * For Models Ii-4 and 11-8, the NOy
were extrapolated from Tig data obtained at the hot day takeoff

conditions.

ORIGINAL PAGE IS
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Table XXIX, Standard Day Takec 'f Emissions Data, Double Annular CF6-50

Combusxors.
-
Engine Test Conditions: Elé Eﬁ:l vref Fuel-Alr Ratio
B ' 29,1 atm 819° K  26.0 m/s 0. 0245

++..0xides of Nitrogen Engine Values Obtained by Extrapolating Hot Day
Takeoff Rig Data Unless Otherwise Spacified.

v+0.Combustion Efficiency Values are Hot Day Takeoff Rig Data.

I1-9 Pp3 = 4.76 atm
Pilot F/A = 0.0100 30.0
Pilot F/A = 0.008 25.9 99.9
24,4
23,6

Oxides of Combustion o]
5 Nitrogen Efficiency

g/kg Fuel * j
Program Goals 10 994 k

CF6~50 Engine 35.4 99.5

CF6~50 Combustor Rig Data

(At Pp3 = 9,53 atm) 32.6 99.9
Double Annular Combustor Configurations: . 1
‘ II-4 Pp3 = 4.76 atm i
Pilot F/A = 0,0122 27.8 99,3 ;
Pilot F/A = 0.006 to 0.011 28.0 99.4 ]
11-8 Pp3 = 4.76 atm* 5
Pilot F/A = 0.012 40.3 ——— 1
i

Pilot F/A = 0.006
Pilot F/A = 0.005

IE=11 PT3 = 4,76 atm

Pilot F/A = 0.006 21.6 99.9
Pilot F/A = 0.005 21.2 100
Pilot F/A = (.004 22.2 99.9 i
Pilot F/A = 0.003 22.6 99.8 '
Main Burner Only Fueled 25.6 99.8 ,
11-13 Pr3 = 4.76 atm ;
Pilor F/A = 0.005 19.9 99.9 {
Pilot F/A = 0.004 18.6 99.9 |
Pilot F/A = 0.003 19.3 99.9 i
Main Burner Only Fueled 22.7 99.8 ,
11-16 f
Pilot F/A = 0.005; Pp3 = 6.8 atm 17.8 100 ;
Pilot F/A = 0.005; Pp3 = 4.76 atm 17.8 99.9 :
Pilot F/A = 0.004; Pry = 4.76 atm 17.7 99.9 ]
Pilot F/A = 0.003; Py3 = 6.8 atm 17.6 100 !
Pilot F/A = 0.003; Ppy = 4.76 atm 17.6 99.9
-

Note * For Model 1I-8, the NOx engine data at sta.-dard day takeoff condition
were extrapolated from rig data obtained at the hot day climbout
conditions.
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Table XXX, Hot Day Takeoff Emiszsions Data, Double Annular CF6-50 Combustors,

Prs Tr3 v

- . ) I3 _ref Fuel-Air Ratio
- Engine Combustor Conditions: 29,1 atn  S38° K 2875 m /s e

Rig Testing at Reduced I easure Up to 9.6 atm.. Other Conditions Duplicated,

Oxides of Caxbon Unburmed Combustion Smoke
Nitrogen Monoxide Hydrocarbons Efficiency Number
-c g8/kg Fuel g/kg Fuel g/kg Fuel X SAE No.
Program Goals 10 —— ——— 95+ 15
CFé~50 Engine 44,0 0.2 0.1 99.9 12
CF6~50 Combustor Rig Data
(At Pp3 = 9.53 atm) 41.2 0.4 -0~ 99.9 1
Double Annulax Combustor Configurations:
II-4 P73 = 4,76 atm
Pilot F/A = 0.0122 34.2 8.2 5.0 99.3 1
Pilot F/A = 0.006 to 0.011 34.6 8.0 4.6 99,4 2
II-8 PT3 = 4.76 atm®
Pilot F/A = 0.0122 49,7 ——— —— ——— -
I1-9 Pr3 = 4.76 atm
Pilet F/A = 0,0100 %1 i.5 0.1 99.9 -
Pilat F/A = 0.008 32.0 3.0 0.1 99.9 —
Pilot P/A = 0.006 30.2 3.8 -0~ 99.9 -_
Pilot P/A = 0.005 26,2 4.8 0.1 99.9 -
II-11 Pp3y = 4,76 atm
Pilot F/A = 0,006 26.7 2.5 0.2 99.9 -—
Pilot F/A = 0.005 26,2 =-0= -0=- 100 -
Pilot F/A = 0.004 21,4 4,1 0.2 99.9 -~
Pilot F/A = 0.003 27.9 6.8 0.2 99.8 -
Main Burner Only Fueled al.e 7.0 0.2 99.8 -
LI-13 P13 = 4.76 atm
Pilot F/A = 0.005 24.6 2.0 0.5 99.9 -
Pilot E/A = 0.004 22.95 3.1 0.5 99.9 -
Pilat F/A = 0.003 23.8 4.6 0.2 99.9 ond
Main Burner Only Fueled 28.0 5.9 0.3 92.8 -
I1~16
Pilot F/A, 0.005; Pr3 = 6.8 atn 22.0 0.7 0.4 100 -
Pilot F/A, 0.005; Pg3 = 4,76 atm 22,0 1.3 0.4 99.9 —
Pilot F/A, 0.004; Pr3 = 4.76 atm 21.9 1.6 0.3 99.9 0
Pilot F/A, 0.003; Pra = 6.8 atm 21.8 1.9 0.1 100 1
Pilot F/A, 0.003; P13 = 4.76 atm 21.8 2.5 0.3 ¥9.9 1

Note: * For Model II-B, rig data were not obtained at the hot day takeoff
conditions. The NOx engine data presented above were extrapolaied
from CI0L cruise data.
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ed to Hot Day Takeoff
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Figure 52, Noﬁ Emissions Levels, Double Annular Combustors,
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suggest further reductions in NOy levels could be obtained by moving the
inner liner dilution air holes even farther forward, In order to accomplish
this, the inner liner/cowl/dome joint would need to be redesigned. As is
shown In Figure 53, the minimum NOy levels at takeoff operating conditcions
were obtained with about 80 percent of the fuel supplied to the inner dome.

The NO, reductions obtained in this test series were achieved with no
sacrifice in high power combustion efficiency, Generally, at all test con-
ditions above idle in this series, the combustion efficiency levels were
well above 99.0 percent. Thus, at true engine pressure levels, combustion
efficiency levels approaching 99.9 percent would be projected,

The lowest idle emissions levels were obtained with Configurations II-9,
I1-11 and II-16, with only the outer annulus fueled, as shown in Table XXVI.
The common characteristics of these configurations were a biased dome airflow
split and no outer liner dilution air holes to cause quenching of the com
bustion products. Configurations II-9 and II-11 had the same outer annulus
swirlev airflow (18 percent) and differed only in the location of the inner
liner dilution air holes. Configuration II-16 had lower outer annulus swirler
airflow (12 percent), which in the Radial/Axial Staged Combustor configurations
produced the lowest idle emissions levels obtained in this program. However,
in the Double Annular Combustor configurations, the levels were higher,
suggesting that high penetration of the inner liner dilution air jets produced
a quenching effect. These trends strongly suggest that idle emissions might
be further reduced by lengthening the centerbody, thus providing a longer
sheltered region in the outer annulus for low power operation. Configuration
1I-16, which provided the lowest NGO, emissions level and nearly the Jowest
idle emiss!ions levels in this series, was selected for additional evaluations
which includ~d ignition testing.

The results of this ignition testing are shown in Figure 54. Compared
to the CF6-50 production engine combustor, the fuel flow rates required for
sea level ignition were higher, especially at low combustor airflow rates, so
altitude. relight testing was not attempted. The results did, however,
suggest that satisfactory relight characteristics could be obtained with
further. development. Lengthening the centerbody alone would be expected to
provide a significant improvement.

Typical exit temperature profile characteristics at high power conditions
compared well with those of the CF6-50 production engine combustor, At low
power conditions where only the outer annulus is fueled, the profiles were,
however, more peaked. Overall, the results suggest that acceptable exit
temperature profile characteristics should be atfainable with this design.

The mechanical and cooling characteristics of the Double Annular Combustor
configurations were very satisfactory. Over 86 hours of combustor operation
were accrued in this series and the hardware was still in good condition. As
received, the centerbody cooling flow area was lower than intended, and in
some early tests, high metal temperatures were indicated. Each time, however,
posttest inspection revealed no significant damage. The impingement-cooled
dome flamesnield was still in excellent condition and indicates that some
cooling air to this region could be reapportioned to the centerbody. Through-
out the test series, dome carbon buildup was very light.
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Radfal/Axlal Staged Combustor Configurations -~ Seven Radial/Axial Staged
Combustor configurations were evaluated. The exhaust emissions goals.of this
program were very closely approached with this novel design concept. The key
pollutant emissions characteristics obtained with these configurations.are
ptesented in Tables XXXII, XXXIII, XXXIV, XXXV, XXXVI and XXXVII.

As is shown in Tabla XXXII, the CO and HC emissions goals were very nearly
achieved with the first test configurations (Configurations II-6, 1I-7, II-10).
The HC levels were found.to dacrease exponentially with fuel-air ratio and the
CO levels were found to be relatively insensitive to fuel-air ratio.. One point
where 12 percent CDP bleed air extraction was simulated with Configuration
II-7 resulted in HC and CO emissions indices of 1.5 and 23.7, respectively,
which are by far the lowest levels obtained with any combustor configuration
tested in the Phase I Program. These low idle emissions levels were achieved e
with 12,7 percent. of the combustor airflow apportioned to the pilot stage. air 1
swirlers. In later configurations, the pilot stage swirler airflow was reduced j
to more nearly approach the high power combustion efficiency_and NOx emissions '
goals,

The first decrease in swirler airflow (Configuration II-12) produced idle-
emissions results very much as expected: the HC levels increased very slightly
and virtnally no change was obtained in the CO levels. The next decrease in
swirler airflow (Configuraton II-14) resulted.in increased emisslons levels,
especially CO. Analyses suggest that the manner in which the swirler .airflow
was reduced was a greater factor than was the absolute level of reduction.
(Increasing fuel flow in the earlier test configurations an equivalent amount
did not cause as much increase in emissions as did the decrease in airflow and
Configuration II-14 had a weak secondary air swirl strength), Configuration
III-2 had a stronger swirl strength and an airflow level intermediate to those
of Configurations 1I-10 and II-14, but its emissions levels were much higher
suggesting that the chute air turning vanes that were incorporated into this
particular configuration caused severe quenching of the pilot stage combustion
gases. These vanes produced a significant improvement in high power combustion
efficlency, but their impact upon idle emissions levels must be further
evaluated.

As is shown in Tables XXXV and XXXVI, the first Radial/Axial Staged
Combustor configuration (Configuration IT-6) also showed very encouraging re-
sults with respect to high power NOyx emissions levels. The first test was run-
at moderate conditions (T3 = 730° K, Py = 4.8 atm) and..the effects of fuel
staging mode were investigated. It was found that the transition from pilot-
only to two-stage burning was very smooth and that both the NOx emissions
levels and combustion efficiency levels were highly sensitive to fueling mode.
Also tried with this first test configuration was fueling alternate main stage
injectors. This type of fuel staging resulted in higher combustion efficien-
cies,. However, the NOy levels were also higher with only the alternate in-
jectors fueled versus all 600 injectors. No metal temperature problems were
encountered and posttest inspection showed no distress. Thereafter, the com-
pustor was progressively subjected to more severe operating conditions and
configuration changes., As noted above, idle emissions levels were nearly the
same for Configurations I11-6, II-7, 1I-10 and II-12 but increased with
Configuration II-15, The combustor was then rcconfigured to the Configuration
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Table XXXIII, Hot Day Approach Emissions Data, Radial/Axial Staged CF6-50 .

Combustors.
P T, v
) _T3 12 _rel Fuel-Air Ratio
Epgine Combustor Conditiona: 1176 atm 6615 K 2675 u/s 9.0142

Rig Teating at Reduced Pressure Up to 9.6 atm. Other Conditions Duplicated. . .

Oxides of — Carbon Unburned Combustion Smoke
Nitrogen Monoxide Hydrocarbons Efficiency HNumber
g/kg Fuel g/kg Fuel g/kg Fuel % SAE No.
Program Geals ——— ——— m—— 99+ -
CF6-50 Engine 12.0 - 4,0 0.1 .- 99.9 . —
CF&-50 Combustor Rig Data
(At P'.I.‘3 = 6,8 atm) 10.7 7.5 0.3 99.8 -_
Radial/Axial Combustor Configurations:
1i-6,7 Ppg = 4,76 atm* Alternate
Pilot Oniy Fueled Secondary 11.7 —— ——— —— -
Pilot F/A = 0,012 Chute 11.9 . —— —— —— -
Pilot F/A = 0.008 Fueling 7.6 ———— — ——— ~
I1I-10 Pp3 = 4.76 atm
Pilot Only Fueled 13.24 9.1 0.2 99.8 .. ==
Pilot F/A = 0.007% 5.3 —— —— — -
Pilot F/A = 0,0D5*% 3.5 ——— ——— ——— -
11-12 Pp3 = 3.39 atm 13.4 14.5 =-0- 9.7 -_
Pilot Only Fualed
I11-14 ~ No Data Obtained -
II-15 Ppq = 6,80 atm
Pilot Only Fueled 10.88 5.8 0.6 99.8 ~
Pilot F/A = 0.007 7.22 0.5 66.5 9.2 1
III-2 Pr3 = 3,39 atm
Pilot Only Fueled 8.6 3.2 2.1 99.7 2
Pilot F/A = 0,0079 9.0 106 85.7 89.0 -

Note * For Models II~6, 7 {all data) end I1-10 (pilot F/A = 0.005, 0.007), rig
data were not obtained at the hot day approach conditions. The NO, engine
data presented ahove were extrapolated from rig CTOL cruise data.
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Table XXXIV, Hot Day Climbout Emissions .Datn, Radial/Axial Staged CIF6-50

Combustors,
EI} EIQ vrcl Fuel-Air Ratio
Lngine Test Conditions: 25.3 atm  825° K 26.5 m/a 0.0225

Rig Testing at Reduced Pressure Up to 9.6 atm, Other Conditions Dup H eated.

Oxides of. Carbon Unburned Combustion Smoke
Nitrogen Monoxide lydrocarbons Efficiconcy Number
g/kg ¥uel g/kg Fuel g/kg_luel % SAL No.
Program Goals ek e ——— 994 ~—
CF6~50 Engine 36.0 0.3 0.1 =899 12
CF6~50 Combustor-Rig Data
(At Pr3 = 9,53 atm) 32.0 0.3 0.1 99.9 2

Radial/Axial Combustor Configurations:!
I1-6,7 Pr3 = 6.8 atm

Pilot Only Fueled 28 6.5 ~0= 99.8 -
Pilot F/A = 0.006 14.55 78 5.7 97.6 -~
Pilot F/A = 0.005 12.3 87.5 13 96.6 -
11~10
Pilot F/A = 0,007, Ppq = 6.8 atm 18.0 36.5 2.0 98.9 -
Pilot F/A = 0.007, Pyg = 4.76 atm 18.0 49.0 4.5 98.1 -
Pilot F/A = 0.005, Pp3 = 6.8 atm 11,1 59.0 15.0 97.1 -
Pilot F/4 = (.005, Ppy = 4.76 atm 11.1 69.0 25.0 95.9 -
II~-12 Pr3 = 6.8 atm
Pilot F/A = 0.007 19.6 29.0 1.4 99.2 -
Pilot F/A = 0.005 12,2 46.0 — 4.4 98, 5- =
I1-14 Pr3y = 6.8 atm
Pilot F/A = 0.005 16.5 33.3 3.0 98.9 -
Pilot F/A = 0.003 8.5.... ..69.0 —_ 42,5 94.1 -
I1-15 PT3 = 9.53 atm
Pilot™F/A = 0.006 16.15 19.0 1.5 99.4 1
Pilot F/A = 0,005 12.6 28.3 2.9 99.1 1
Pilot F/A = 0.004 11.75 31.5 4.0 98.7 1
ITI-3 Pp3 = 6.8 atm
Alternate Secondary Chutes Fueled
Pilot F/A = 0.008 28.9 25.6 1.2 99.3 1
All Secondary Chutes Fueled
Pilot F/A = 0.008 0.1 9.7 0.3 99.7 1
Plloe F/& = 0,006 24.24 9.7 0.3 99.7 L
Pilot F/fA = 0.005 18.87 15.0 Q0.5 99.6 ~—
Vref increased 15% at 0.005 19.56 16.0 0.6 99.6 -
Pilot F/A = 0.004 14.88 20,0 1.1 99.4 1
Pilot F/A = 0.003 11.89 35.8 3.2 98.7 1
Veer 1ncreased 15% at 0.003  11.58 48.1 9.9 97.9 ==
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Table XXXV. Standard Day Takeoff Emissions Data, Radial/Axial Staged CF&-50

Combuators,
P T v
T3 T3 ref Yuel-Air Ratio
Engine Combustor Condieloms! 0735, §79° K 26.0 n/e 0.0245

+1es Oxides of Nitrogen Engine Values Obtained by Extrxapolating Hot Day
Takeoff Rig Data to Standard Day Conditicns, Unless Noted Otherwise

vess Combustion Efficiency Values are Hot Day Takooff Rig Data.

Oxides of - Combustion

Nitrogen Efficiency
g/kg Fuel %
Program Goals 10 99+
CF6~50 Engine 5.4 99.9
CF#6~-50 Combustor Rig Data
(At Pp3 = 9.53 atm) 32.6 99.9
Radial/Axial Combustor Configurations: .
1I-6,7 Pr3 = 6.8 atm*
Pilet Only Fueled 29.0 m——
Pilot F/A = 0.006 24.1 Eatend
Pilot E/A = 0,005 18.2 m———
11-10 Pp3 = 6.8 atm*
Pilot F/A = 0.007 19.66 -——
Pilot F/A = 0.0054 14.6 ——
Pilot F/A = 0.005 12.95 m———
I1-12 Pp3 = 4,76 atm
Pilot F/A = 0,007 21,28 99.4
Pilot F/A = 0.006 16.58 99.2
Pilot F/A = 0.005 13,35 98.9
Pilot F/A = 0.004 . 11.57 98.7 .
T1-14 Pypy = 4.65 atm
Pilot F/A = 0.0105 28.08 99.5
Pilot F/A = 0.005 15,91 99.1
Pilot F/A = 0.004 12,88 8.3
Pilot F/A = 0.003 10.1 94.8
Ptlot Ffa = 0.0019 . . 8.5 90.9
11-15
Pilot F/A = 0.006, Prq = 9.53 atm . _22.0 99.6
Pilot F/A = 0.006, Pr3 = 4.76 atm 18.37 99.5
Pilot F/A = 0.006, Pp3 = 3.06 atm 19.58 98.8
Pilot F/A = 0.004, Pp3 = 9.53 atm 13.43 99.3
Pilot F/A = 0,004, P13 = 4.76 atm 12,95 97.1
Pilot F/A = 0.004, Pp3 = 3.06 &tm 12.82 96,4
Pilot F/A = 0.003, Ppy = 9.53 atm 10.84 98. 4
I11-2 Pp3 = 4,76 atm
Pilot F/A = 0.005 16.75 99.8
Pilot F/A = 0.004 14.40 99.7
Pilot F/A = 0.003 12,95 99.5

Note * For Models 1I-6,7 and 11-10, the NO, engine data at standard day

takeoff conditions were extrapolated-from.rig data obtained at the

hot day climbout conditinne
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Table XXXVI,

Engine Combustor Counditions:

Rig Testing at Reduced Pressure Up to 9.6 atm.

Program Goals
CF6~50 Engine

CF6-50 Combustoxr Rig Data
{At Ppq = 9,53 atm)

Radial/Axlal Combustor Configurations!

138

L1-6,7% Pp3 = 6.8 atm

Pilot Only Fueled
Pilot F/A = 0.006
Pilot F/A = 0.005

I1I-10% Ppq = 6.8 atm
Piloc F/A = 0.007
Pilot F/A = 0.0054
Pilot F/A = 0.005

11-12 PT3 - 4,76 atm
Pilot F/A = 0.007
Pilot F/A = 0.006
Pilot F/A = 0.005
Pilot F/A = 0.004

II-=14 Ppy = 4,65 atm

Pilot
Filot
21lot
Pilot
Pilot

11-15
Filot
Pilot
Pilot
Pilot
Piiot
Pilot
Pilot

F/A =
Ffa =
F/A =
E/A =
F/a =

FfA =
F/A =
F/A =
FiA =
FfA =
F/A =
/A =

0.0105
0.005
0.004
0.003
0.0019

0.006,
0.004,
0.004,
0.004,
0.006,
0.006,
0. 006,

II1-2 Ppq = 4.76 atm
Pilet F/A = 0,003
Pilot F/A = 0.004
Pilot F/A = 0.005

Note!

* For Models I1~6,7 and II-10Q, rig data were not obtalned at the hot day
takcoff conditions.

Py -
Py
Py
P
Pry
Pr3
Fra

= 9.53

9.53
4.76
3.06
9.53
4.76
.06

29,1 atm

atm
atm
atm
atm
atm
atm
atm

Pra

Tr3
858°* K

vref
26,5 m/a

Oxides of Carben

Nitrogen Monoxide

g/kg Fuel g/kg Puel
10 ———
44,0 - 0.2
41.2 0.4
35.9 —r
29.8 ———
22.5 ——
24,3 ————
18.0 ———
16.0 ————
26.3 25,5
20,5 30
16.5 39.7
14.3 52.5
34,7 9.8
20.9 23.5
15.9 37
12.45 57
10.5 65.5
13.4 32.7
16.62 19.5
16.0 46,5
15.85 55.8
27.2 9.0
22.7 20.2
24.2 7.0
16.0 16.7
17.8 11.4
20.7 6.6

Fuel-Air Ratio
0.0245

Unburned
Hydrocarbons
g/kg Fuel

0.1

N
WORRNO -~
bl
IR GO DD

(==
(PO

Oth2r Conditions Duplicated.

Hot Day Takeoff Emissions Data, Radial/Axial_Siaged CFG-50
Combustors,

Combustion Smoke
Efficiency Number
SAE No.

z

929+
99.9

99.9

15
12

The NO, engine data presented above were extrapolated
from rig climbout data.
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Table XXXVII, Standard Day Cruise Emissions Data, Radial/Axial Staged CF6-50

Combustors,
P T v
. _I3 _T3 _ref Fuel-Air Ratio
Engine Test Conditions: 1474 atm  733° K 2474 mfs 0,0210

Rig Testing at Reduced Pressure Up to 9.6 atm. Other Conditions Duplicated.

Oxides of Carbhon Unburned Combustion Smoke
Nitrogen Monoxide Hydrocarbons Efficiency MNumber
g/kg Fuel g/kg Fuel  g/kg Fuel % SAE No.
Program Goals ——— ——— e 99+ -
CF6~50 Cembustor Rig Data
(At Pp3 = 9.53 atm) 17.6 0.9 0.3 99.9 7
Radial/fAxial Combustor Coufigurations:
11-6,7 Ppq = 4,76 atm
Pilot Only Fueled 14.6 6.9 ~Q- 99.8 2-.
Alternate Secondary Chutes Fueled
Piloc F/A = 0.016 14.6 41.0 7.4 98.3 1
Pilot F/A = Q.012 18.17 44.3 6.4 98.4 0
Pilot F/A = 0.008 13.14 65.5 11.5 97.3 0
1I-10 Pp3 = 4.76 atm
Pilot F/A = 0.007 8.09 78.8 34 94.8 -
Pilot F/A = 0.005 3.84 98 128 84,9 -
11~12 Ppy = 3,39 atm*
Pilot Only Fueled 12,7 ———— ——— ——— -
II-14 P73 = 6.8 atmf
Pilot F/A = 0.005 7.57 e - e -
Pilot F/A = 0.003 3.46 ———— — —— -
II-15 Pp3 = 9.53 atm
Alternate Secondary Chutes Fueled
Pilot F/A = 0.007 13.06 31 1.5 99.1 4
All Secondary Chutes Fueled
Pilot F/A = 0.0057 8.06 72,3 14,3 96.9 3
Pilot F/A = 0.0038 3.97 95 78.1 90,0 2
I1I-2 Ppy = 4.76 atm
Pilot Only Fueled 12.2 6.1 0.2 99.8 16
Alternate Secondary Chutes Fueled
Pilot F/A = 0.014 12.2 18.6 1.1 99.4 —_
Pilot F/A = 0.010 15.23 27.7 1.8 99.2 -
Pilot F/A = 0.006 14.04 51.1 6.4 98.2 —

Notes * For Model II-12, rig data were not obtained at the CTOL cruise
condition. The NO, engine data presented above were extrapolated
from rig hot day approach data.

# For Model II-14 rig data were not obtained at the CTOL crulse
condition. The NQx engine data presented above were extrapolated
from rig hot day climbout data.
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3

TI-12 airflow splits, was designated Configuration II-15 and tested over a

broad range of inlct conditions and fueling modes. As is shown in Figure 55,
the NOy levels were essentially independent of overall fuel-air ratio hut highly
dependent upon pilot stage fuel-air ratio, Combustion efficiency levels were
also highly dependent upon overall fuel-air ratio, as is shown in Figure 56.

The measured combustion efficiency values of the Radial/Axial Staged Combustor
configurations were extrapolated to true engine operating conditions using the
relationships shown in Figure 56,

Figures 57 and 58 show the effect of pllot-to-total fuel flow split at the
hot day takeoff operating conditions for each of the configurations tested.
For any common fuel flow split, the combustion efficiency levels improved when
the pilot swirler airflow was decreased (Configuratioms II-12, II-14 and II-15).
The combination of reduced swirler airflow and the addition of chute turning
vanes (Configuration 1II-2) provided a significant improvement in combustion
efficiency. The NOy emission levels of all configurations also showed a strong
dependency on fuel flow split, but configuration effects were less apparent.
The lowest levels were obtained with Configurations II-12, II-14 and II-15 with
low pilot fuel flows., Configuration III-2 produced significantly higher NOx
emissions levels at these low pilot fuel flows, showing that there are trade
of fs between combustion efficiency and NOy emission levels which complicate
any direct comparison of configurations. Figure 59 18 a cross plat of Figures
57 and 58 showing these trade offs. Except for Configuration ITI-2, the data
fall into a fairly tight band. Configurations II-6, II-7 and IT-14 tend to
define the lowest performance levels of this band; I1-10 tends to be inter-
mediate; and II-12 and II-15 tend to define the best performance levels. For
an extrapolated combustion efficiency level of 99.8 percent, NOx emissions
levels ranged from about 13 to 20. The data suggest that had the pilot fuel
flow split been further reduced on each configuration to the point where the
objective NOy emission index was obtained, the extrapolated combustion
efficiency levels would have ranged from about 98.8 to 99.7 percent.

Configuration II-12 was rebuilt since it produced, overall, the lowest
emissions levels and was retested as Configuration II-15. The first part of
this test was a sea level ignition test. The measured lean blowout fuel flow
rates were virtually the same as those of the CF6-50 production engine com-
bustor at all airflow rates. At the highest airflow rate, the full propagation
fuel flow rate was also virtually the same. At lower airflow rates, higher fuel
flow rates were required for full propagation. These results were highly
encouraging and suggest that, as is, the combustor would probably meet wost of
the CF6-50 engine altitude relight requirements. Altitude relight testing
was planned, but abandoned when it was found that the electrical ignitors were
faulty. They failed to fire when wet with fuel,

The typical exit temperature profile characteristics at high power condi-
tions were very flat and the peak profiles tended to be double lobed. One good
feature of this design approach was that profiles were relatively insensitive
to operating mode. Overall, the results suggest that acceptable exit tempera-
ture profile characteristics can be achieved with this design approach,
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NO Emission Index, g/kg Fuel Extrapolated to Hot Day Takeoif

Pilot Fuel- Pq, atm 3.06 - 9,61
Air Ratio T3’ ° x 664 - 868
,00
[ 0.003 Vi m/s 24,1 - 30,1
50 ——— ¢ 0.004
O 0.005
0\ 0.006
0.007
40 a
Q) 0,012 _ e Y= 0,012 ]
30
20
10
0
0,016 0,020 0,024 0.028

Figure 53,

Metered Overall Fuel-Air Ratio

NOy Emissions Levels, Radial/Axial Staged Combustor,
Configurations II-12 and 15,
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Figure 57. Effect of Fuel Flow Split on Nox Emissions Levels,
Radial/Axial Staged Combustor.
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Figure 08, Effect of Fuel Flow Split on Combustion Efficiency,
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Combustion Efficiency, % Extrapolated o Hot Day Takeoff

99,99
99,98
99,95
99,9
99.8
O 1120 ...
< O 11-12, 15 T
98.5
AN II-14
N 1II-2
99,0
98,0
O 10 20 30 40 50
NO, Emission Index, g/kg Fuel
Extrapolated to Hot Day Tekeoff
Figure 59, Tradeoff Between Combustion Efficiency and NO,
Emissions Level, Radial/Axial Staged Combustor,
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The isothermal pressure loss levels were close to those of the produc-
tion engine combustor, as intended., All of the configurations, however, had
three to four times as much heat addition loss as the production engine com-
bustor, since at high power conditions the major portion of the fuel was burned
in high velocity regions, Augmentor designers have, of course, always recog-
nized this characteristic, but main combustor designers have not generally
needed to be concerned with it.

The mechanical and cooling characteristics of the Radial/Axial Staged
Combustor configurations were very satisfactory, Over 115 hours of combustor
operation were accrued in this series and the hardware was still in good
condition, especially in the main stage flameholder and outer. liner regions
which were of concern in the design phase. Some distress in the aft cooling
slot overhangs of the inner liner indicated that, for long term durability,
additional and/or more effective cooling in this reglon.may be required. As
in the case of the Double Annular Combustor, the pilot stage dome hardware
was in excellent condition, and some reductions in dome flameshield impinge-
ment cooling airflows may be possible for reapportionment to the aft inner
liner. Light carbon.accumulation on the pilot stage dome and its fuel injectors
was ohserved. But it is anticipated that by applying simple design features
which have been developed in other current programs, this problem could be
readily eliminated.

ASSESSMENTS OF RESULTS

NOy Emissions Comparisons

The NOx emissions characteristics of each of the basic design approaches
investigated in this program are compared in Figure 60, At low fuel-air
ratios, each of the design approaches produced significant reductions in NOx
emissions levels when compared to those of the production CF6-50 engine com-
bustor, However, at the hot day takeoff operating conditions, the Double
Annular and Radial/Axial Staged Combustor design approaches were found to be
the most promising. A key ingredient of all of the designs was lean combustion
regions (on a bulk basis) and advanced fuel-air mixing devices. The faflure to
achieve any significant reduction in NOx emissions levels with the Lean Dome
Single Annular approach is an indication that the combustion processes are very
rapid compared to fuel-air mixing processes. With this design approach, much of
the combustion must have occurred in near-stoichiometric regions. This result
was not totally unexpected since the combustor had only 30 direct fuel injection
points (no premixing)., All of the other design approaches investigated,
therefore, incorporated increased numbers of fuel injection points and, except
for the Lean Dome Double Annular Combustor design approach, some degree of pre-
mixing. The NASA Swirl-Can-Modular Combustors incorporated both of these in-
gredients. The failure to achieve any sizeable NOx emissions reductions with

this combustor design approach is attributed to a combination of the following
factors:

. Relativelyv coarse fuel atcmization.

] Relatively low swirler airflow quantities.

144

e i e o e

J—

[ IR FU VST

PP S I

Ao ik mree. e




60
[
3 Product.ion Comhustor
4 (II-1)
o
[
= 50
a
..s +
=]
o
Frl
9
= 1I-5
& Single Annular Lean Dome
o l
g I-16 Swirl-Can
30
r
@
o
I1-16 Double
)
e Annular
B 1
. 20 i
X 11-12,15
E Radial/Axial
- fl = 0,004
I~
e ECCP Goal
a 10 A ® | -
E éﬁ Nominal Takeoff
; Fuel-Air Rat: o
Q
=
0
0,008 0,012 0,016 0,020 0,024 0,028 0,032
Metered Fuel-Air Ratio
Figure 60.__NO, Emissions Levels, Best Configuration of Each Major

Design Approach,
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] Relatively slow mixing bhetween the sawlrl-can flow and the other
dome airflow (around/through the flameholders).

Some improvement was obtained with the last two configurations tested (Configura-
tions IIT-1 and 1-16) by grossly adjusting thesc parameters.

The first Double Annular Combustor configuration (Configuration II-4) had
two of the ingredients thought to be important, good fuel atomizatlon and high
gwirler airflows. However, at takeoff, its NOy levels were only moderately
reduced. This finding was attributed to relatively slow mixing of the primary
and secondary swirler airflows, which was confirmed by flow visualization
tests. In this design, fuel injector/primary swirler devices developed for
a smaller =nzine were utilized in coniunction with new, higher flow, secondary
swirlers. Good fuel atomization was still obtained, but mixing was compromised.
Ideally, the primary swirler would-also have been scaled up to the CF&-50
combustor-size flows, but cost, timing and dome size limitations were overriding
factors in the selection. The later tests showed, however, that at least for
the outer annulus, the selection was well chogsen., The second test configuration
(Configuration IXI-~8) incorporated reduced secondary swirler airflow (to about
the CF6-50 production engine combustor level) which visually provided improved
mixing and resulting in a swirl cup fuel-air ratio at takeoff operating con=
ditions of 0,066. 1Its NOyx emlissions level was about 25 percent higher than
that of the CF6-50 production engine combustor. Much-improved idle emissions
levels were, however, obtained. The approach followed in the next configurations
was, therefore, to bias the dome airflows.. Steady progress was made thereafter
by incorporating more rapid inner dome fuel-air mixing features. Based on these
results, the next step appears to be to Improve the effectiveness and/or airflow
level of the inner annulus air swirlers and/or move the inner liner air dilution
holes closer to the dome. Dilution air introduction inte the inner annulus
from the centerbody mfght also be effective.

As anticipated, the Radial/Axial Staged Combustor design. approach
produced the lowest NO, emissions levels. The key features of this design
appreoach that resulted in low NOx levels were its very lean main stage and the
use of fuel-alr premixing Iin the main stage. Even though the fuel split was
highly biased to the main stage at takeoff and the pilot was also lean, the
major portions of the NOx emissions were generated in the pilot stage. This
effect was s0 strong that NOy emissions levels were more dependent upon fuel
flow split than any of the configuration changes which were made. Combustion
efficiency levels were also very sensitive to fuel flow split, but configura-
tion effects were observed, particularly with the last configuration (Configura-
tion III-2). The results suggest that further significant progress may be
obtained by a combination of:

] Airflow split adjustments,

° Main stage length adjustments.
. Added main stage air introduction features (such as turning vanes),
. Improved main stage fuel injection techniques,
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Idle Fmissions Comparisons

Figure 61 compares the idle emlssions characteristlics of each of the major
design approaches investigated in this propram. Fuel staging at 1dle was a
signiffcant factor in all of the design approaches. The HC emissions goal
was achieved and the CO—goal was approached with the CF6-50 production engine
combustor. using sa2ctor burning. Significant reductions, which correlated well
with previjus engine test experience, were also achieved with compressor hleed
alr.extrac.ion as shown in Figure 62. Therefore, it appears that the idle
eniseions goals might be achieved with the CF(-50 production engine combustor,
using some combination of: (1) sector burning; (2) compressor bleed air extrac-
tion; and, (3) further improved fuel atomization. To-_some extent, these
approaches are applicable to any other combustor,

The lowest idle emissions levels were achieved with the Radial/Axial
Staged Combustor, which was also anticipated since the pilot stage was designed
specifically for idle operation. The HC emissions goal was achieved, with
margin, and the CO goal clnsely approached with the first test configuration.
With compressor bleed air extraciion, the €O goal was more nearly approached.
It is anticipated that further progress could be made by pilot air swirler
and/or dome cooling air adjustments,

The Double Annular Combustor, with outer annulus burning, provided the
second lowest idle emissions levels in this program. These reductions are
attributed to two features which are common to the Radial/Axial Combustor:
fuel staging and improved fuel atomization, The difference in idle emissions
levels of the two combustors is attributed to the degree to which the pilot
stage is isolated from the main stage. The data strongly suggest that further
significant reductions in the idle emissions levels of the Double Annular
Combustor could be obtained by lengthening the centerbody (perhaps from the
current one dome height to two dome heights).

Thz failure ta achieve significant reductions in idie emissions levels
with tne NASA Swir:i- Can-Modular Combustors is attributed primarily to its
relatively coarse fuel atomization. A second important feature is its high
dome airflows, with no hiasing or isolation between dome annuli,

Intermediate Power Considerations

The primary focus in this program was upon NOx emlssions levels at the
hot day takeoff conditions and HC and CO emissions levels at the standard day
idle conditions, However, significant NOy emissions level reductions, with
high combustion efficiency levels, were obtained with several of the NASA
Swirl-Can-Modular Combustor configurations at the intermediate power con-
ditions. The results show that fuel staging was a key needed ingredient in
each design approach. With the Double Annular and Radial/Axial Staged Com-
bustor design approaches, obtaining acceptable combustion efficlency performance
at these intermediate power operating conditions generally required the use of
optimum fuel flow splits to the two combustor stages. With these combustor
design approaches, therefore, further development efforts must be addressed to
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determining where and how to achedule these changes in fueling mode, The com-
bustor design must be integrated with the fuel delivery and engine control
designs, This design problem is not really new. Main combustor designers

have long dealt with dual-orifice fuel nozzles and the assoclated relative
gize/cut-in point considerations. The production CF6-50 engine combustor has
three distinct fueling modes: (1) alternate nozzles - primary only; (2) alter-
nate nozzles - primary and secondary; and, (3) all nozzles - primary and secon-
dary. Augmentor designers have similarly incorporated three or more fueling
modes including spatial staging; i.e., local, fill and fan air carbaretion.
Engine fuel delivery and control designers have then scheduled and integrated
these designs to respond to throttle setting. Low emisslons main combustors
must now utilize and extend these technologles. The Radial/Axial Staged
Combustor design approach perhaps presents the greatest challenge in this
respect since emlssions levels and combustion efficiency levels have been found
to be highly sensitive_to-both inlet.conditions and fueling mode.

Advanced. commercial CTOL aircraft engines, such as the CF6-50 engine, are
designed to have very low specific fuel consumption rates at the design cruise
condition (generally 10.6 km, 0.85 Mp). To achieve low specific fuel consump-
tion rates, the combustion efficiency levels must be very high (at least 99,8
percent or possibly 99.9 percent). From a fuel utilization standpoint slightly
lower combustion efficiency levels (98.0 to 99.0 percent) could probably be
tolerated in the idle, takeoff and approach modes. Such lower combustion
efficiency levels would, however, make it virtually impossible to meet the
EPA~defined emissions standards for HC and CO emissions, particularly with
respect to CO emissions. Therefore, the fueling mode must be selected to
obtain very high combustion efficiency levels not only at cruise, but through-
out the EPA-defined landing and takeoff mission cycle.

The highest Radial/Axial Staged Combustor efficiency levels were obtained
with the last configuration tested (Configuration III-2). The effects of fuel
flow split at high power were investigated in detail. At the CF6-50 cruise
condition (10.6 km, 0.85 Mp, standard day), combustion efficiency levels
increased with increasing pilot fuel flow and/or circumferential staging of
the main fuel flow. Sixty percent or more of the fuel in the pilot was
required to reach the 99,8 percent combustion efficiency level. With all of
the fuel introduced into the pilot, a combustion efficiency level of over 99.9
percent was obtained. The NOx emissions levels peaked with about 40 perc-nt
of the fuel in the pilot. With all of the fuel in the pilot, a NOx emissicas
level about 33 percent lower than that of the production CF6-50 engine com-
bugtor resulted., Thus, both from a combustion efficiency and NOx emissions
standpoint, the best way to operate this combustor at CTOL cruise appears, at
this time, to he with only the pilot stage fueled.

Tha combustion efficiency levels of the Double Annular Combustors were
found to he far less sensitive to inlet conditions and fuel split, thus fuel
scheduling could be based upon-exhaust emissions considerations only,

Similar studies, but in less detail, have been made at the approach (30

percent power) and climbout (B85 percent pnwer) conditions. At approach, the
inlet pressure level is about the same as at cruise, but the inlet temperature
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is lower (H6]1 versus 731° K) and the fuel-afr ratio i= much lower (0,014 versus
0.021}. In order to meet the CO emissions standavds, pllot-only opetat fon
seems to be needed at this engine operating mode with hoth the Radial/Axial
Staged and Double Annular Combustors., At climbout, the combustor inlet pres-
sure, inlet temperature, and fuel-air ratio are much closer to the takeoff
conditions than to the cruise conditions. Thus, to meet the NOx emissions
standards, two-stage operation with the fuel highly biased to the main stage
seems to be theoptimum mode. If ugsed in this way, the overall flight
operational mode with these two staged .combustor design approaches would be

to idle and taxi out on pilet only, turn on the main.stage for takeoff and
climbout, then shut it down for the remainder of the flight (cruise, approach,
taxi in and idle), In this scheme, the main stage is used much the same as
an afterburner is used in military aireraft except that the main stage is

never relighted in flight.

DEVELOPMENT STATUS OF BEST DESIGN APPROACHES

Pollutant Emissions Characteristics Status

The pollutant emissions goals of the basic .Phase I Program were most closely
approached with the Radial/Axial Staged and Double Annular Combustors. Table
XXXVIIT compares the emissions status of the best configurations to the program
goals and the CF6-30 production engine combustor. In the case of the Radial/
Axial Staged Combustor design, the NOy emissions levels have been defined at
the fuel flow split.which provides an extrapolated combustion efficiency level
of 99.85 percent. NOy emissions levels at both the hot and standard day takeoff
conditions are shown since: (1) the program goals were specified at the hot
day condition; (2) the EPA~defined regulations are specified at the standard
day condition; and, (3) the change in NOx emissions levels at the two condi-
tions varies with combustors. The CF6-50 engine operating conditions for
the two ambient temperature levels are compared in Table XXXIX.

At standard day operating conditioms, the combustor inlet temperature is
significantly lower. Reference velocity and fuel-air ratio are also somewhat
lower. In the case of the Radial/Axial Staged Combustor, this lower fuel-air
ratio tends to offset the NOx emissions level reductions associated with the
lower inlet air temperature, since the pilot stage fuel flow percentage must
be increased to maintain the same combustion efficiency. At a constant fuel-
air ratio, the NOx emissions levels would nominally be 19 percent lower at the
standard day conditions. This degree of reduction is projected for the Double
Annular Combustor since the effect of fuel-air ratio on its NOx emigsions levels
is very slight. The NOx emigsions levels of the CF6-50 production engine com-
bustor are expected to be only 16 percent lower at the standard day conditioms,
since the NOx level increases with decreasing fuel-air ratio. Thus, at the hot
day operating conditions, the Rac al/Axial Staged Combustor is far superior, but
the margin between it and the Double Annular Combustor diminishes somewhat at

the standard day conditions.
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Overall Performance Status

The overall performance status of the two combustor design approaches is
assessed in Table XL with respect to the depree of further development required—
for engine installation. In most respects, both comhustors are classified as
"essentially already meets requirements" or "expected to meet requirements with
normal development,” i

Exit temperature distribution of both combustors is classified as "signifi-
cant further development needed to meet requirements,' although the .test results
were quite encouraging., In previous combustor developments, small changes to ]
improve other. aspects of performance, such as altitude relight and liner life,
often have made large effects on exit temperature profile and pattern factor
characteristics. Traditionally, exit temmarature profiles have then been
adjusted by altering the axial and circumferential locations of the dilution
air holes, This tool is not available in these low emissions combustors, so
adjustments to the exit temperatures are expected to be more difficult. Further,
since gross. changes in fuel staging are mandatory, the exit profiles must be
considered at each operating mode, ]

Combustion efficiency at part-power and cruise of the Radial/Axial
Staged Combustor is classified as "significant further development needed to
meet requirements’ for reasons discussed in the preceding sections of this K
chapter, :

I

Flashback in the Radial/Axial Staged Combustor is also classified as
"significant further development needed to meet requirements' for reasons
common. to any system incorporating fuel-air premixing., No problems were
encountered in this program, but testing was: (1) limited to 9.5 atm;
and, (2) no severe transients were attempted (such as an engine throttle chop).
Much further development testing is required to prove the reliability of this
aspect of the combustor design.

Overall Applications Status

Table XLI summarizes the key applications considerations associated with
the Radial/Axial.Staged and Double Annular Combustors. Their impacts on an.._.._.
intended engine application appear greatest in three areas:

] Modified turbine operating/performance capabilities may be required :
for application of either combustor, particularly the Double Annular :
Combustor, It is probable that the exit temperature profiles will
deteriorate somewhat at one or more engine operating conditions
because of the fuel staging that is required.

. The fuel delivery system will be more complex in a CF6-50 engine
application:

- 60 or 90 fuel injectors, flow dividers and pigtails are
required versus 30 in the current configuration.
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Table XL. Summary of Overall Performance Status,

Double Annular Radial /Axia]l Staged
Status (1) Status

Key Performance Aspect 1 2 3 1 2 3
Other Emissions

Smoke X x

White Smoke (subidle) X X
Ignition

Ground Start X x

Altitude Relight X X
Pressure Drop X X
Combustion Efficiency

at idle X x

at SLS high power b4 X

at part-power (appreoach) =x X

at cruise modes X X
Exit Temperature Distribution

Profile Factor X x

Pattern Factor X X
Flashback X X
Carboning X X
Liner Life x(2) x(z)

(1) Status Classification
Status 1: Essentially already meets requirements

Status 2: . Expected to meet requirements with normal
development

Status 3: Significant further development needed te
meet requirements

(2) At least equivalent to current production combustor
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- Possibly two fuel manifolds are required versus one in the
current configuration.

- Two axial fuel injection locations are required, in the case
of the Radial/Axial Staged Combustor, versus one in the
current configuration.

. The fuel control system may be more. complex. (scheduling of fuel
flow split is required, in addition to overall flow rate).

Limited studies have indicated that satisfactory means of handling these appli-

cations aspects can be attained, but significant design and development efforts
will be involved,

MISCELLANEQUS DATA CORRELATIONS

Idle Emissions Correlations

In this program, 34 combustor configurations were tested. A broad range
of combustor airflow splits was encompassed with_-these configurations. In
addition, three major types of fuel injection methods were employed (conven-
tional pressure atomizers, air blast devices and NASA Swirl-Can-Modular
devices). Many of the configurations were tested with different fueling modes
at 1dle (outer annulus, inner annulus, both annuli and alternate or sector
burning). A total of.69 data points were obtained at the nominal idle test
condition (P3 = 3.39 atm, T3 = 454° K, VR = 19.5 m/s, f = 0.014), The CO,

HC and NOy emissions results are compared in Figures 63 and 64, These various
configuration/fueling mode changes resulted in CO emissions indices ranging
frem about 25 to 150, The HC and NOy indices seem to be uniquely related to
the CO index; 1i.e., any configurational change which reduced CO emission
levels, simultaneously reduced HC levels, but increased NOyx levels. The corre-
lations suggest that a configuration which achieves the CO emission goal of

20 g/kg fuel would have an HC index .of about 0.4 (an order of magnitude below
the goal) and a NOx index of about 3.7 at idle (50 percent increase from the
CF6~50 production engine combustor)., In the CF6-50 production. engine com-
bustor the quantity of NOx emissions generated in the idle operating mode is

a small fraction of NOx emissions summed over the EPA-prescribed takeoff and
landing cycle. However, 1f the takeoff NOx emissions goal is achieved, the idle
NOx emissions will become a significant portion of the total_NOx emissions
produced on the overall mission cycle, .

Pregssure Loss - NOx Relationship

All combustors investigated in this program were designed to have about
the same pressure loss as the CF6-50 production engine combustor. At one time
in the program, it appeared that the NO, emissions levels of the NASA Swirl-Can-
Modular Combustors might be related to pressure drop, so two configurations
with increased pressure loss were evaluated (Configurations I-10 and 1-~11),

No improvement was noted, Late in the program, the two AST configurations
(ITI-1 and IIT-2) were designed to have lower pressure drop and again no direct
157
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effect was observed, The overall conclusion is that isothermal pressure drop
alone is not a strong influence on emissions characteristics. However, all of
the configurations which prcduced significant NOx reductions had increased heat
addition pressure loss, This was particularly noticeable in the tests of Double
Annular Combustor configurations, NOx emissions reductions were achieved when
the dome airflow was increased and the airflow was biased to the inner annulus.
Both of these features increased dome velocity and, hence, heat addition pressure
loss. The Radial/Axinl Staged Combustor was, of course, always designed to

have high velocities in the main stage heat addition region. These trends
suggest low NO, emissions combustor designs must incorporate high velocity in
the heat addition regions (to reduce residence time) in addition to lean
mixtures,
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CHAPTER TV, _AST ADDENDUM

INTRODUCTTON

The efforts of the basic Phasc 1 Program were concerned with the reduc-
tions of the pollutant cmissions levels of high pressure ratio CTOL engines
at eagine operating conditions that primarily occur in and around alrports!
taxi and idle, takeoff, elimbout and approach. In.this addendum to the basic
program, combustor deslgn and development cfforts were directed toward
reducing the_NO, emissions levels of combustors at AST engine crulse operating
conditions. This program addendum consisted of three tasks:

Task 1 -~ AST Screening Tests
Task 2 - AST Cruise Designs

Task 3 - AST Engine-Concept Designs

The screening tests consisted of selecting several of the most promising
Program Element I and I1 combustor configurations of the basic program and
evaluating them at a selected set of combustor operating conditions that would
nominally be associated with an AST engine at supersonic operating conditions.
Based on the measured NOyx emissions data, two modified Element 1 and two
modi fied Element II configura“ions were then to be defined in Task 2. Ome of
each design type was then to be selected, fabricated and tested as a part of
Task 2. Task 3 consisted of selecting a realistic AST engine cycle and
defining two combustor concept designs sized for this selected engine cycle,
utilizing the best of the NOy emissions reduction technology developed in the

program.

The following are the combustor operating conditions, pcllutant emissions
levels and combustor performance levels specified for these AST Addendum design

and development efforts:

AST Cruise Operating Conditions

PT3 6.8 atm
TT3 833° K
TT3.9 1589° K
£3.9 0.023

AST Cruise Fmissions Levels

NOx 5 g/kg Fuel
HC 1 g/kg Fuel
co 5 g/kg Fuel
Smoke < 15 (SAE Smoke Number)
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AST Cruise Performance Levels

ng > 99.8%
APT/PTq < 6,0%
Patterm Factor < 0.25

TASK 1 - AST SCREENING TESTS

Thirteen of the most promising Element I and Element II combustor test
configurations of the basic program were selected and evaluated at the defined
set of AST operating conditions. These AST Addendum evaluations were conducted—.
as piggybacked tests to the basic Phase I Program tests. The 13 selected
configurations are identified in Table XLII. Four Program Element I and
nine Program Element II configurations were selected for these tests.. The
selection of Program Element I. configurations was somewhat limited because
some of these NASA Swirl-Can-Modular CF6-50 Combustors had excessive flame
stabilizer metal temperatures and, therefore, could not be operated at the
AST operating condition., The Element I configurations consisted of 3
90-swirl-can configurations and 1 72-swirl-can configuration. The Element
II configurations included one Lean Dome Single Annular, four Double Annular
and_four Radial/Axial Staged Combustor configurations.

Summaries of the data obtained in the tests of these 13 configurations
are presented in Table XLIII. Since these combustors were sized for the
CF6~50 engine and, therefore, had a design reference velocity of 26,5 m/s,
the AST cruise evaluations were run .~ or near this design reference velocity.
However, AST engine combvstors are more typically sized for reference
velocities of approximately 32 m/s. Therefore, Table XLIII also includes
emisaions and performance values that have been corrected to the_32 m/s
reference velocity. As is shown in this summary of results, the Double Annular
and. the Radial/Axial Staged Combustor configurations provided the lowest NO,
emissions levels of the configurations that were evaluated.

With the Program Element I NASA.Swirl-Can-Modular Combustor configura-
tions, the NO, levels varied between 14.6 and 17.4 g/kg fuel at the design
fuel-air ratio. Only relatively small changes in NOy levels were obtained
with large variations in design configuratien parameters, such as: the number
of swirl cans utilized, the amount of airflow through the swirlers or the
combustor pressure drop. The extrapolated NO, emissions level for the produc-
tion CF6-50 engine combustor at the AST operating conditions is approximately
17.2 g/kg fuel. All of these test configurations had combustion efficiencies
of 99.7 percent or higher at the AST cruise operating point,

The NOy emissions level of the Lean Dome Single Annular Combustor configu-
ration was about 16 g/kg fuel at the AST cruise operating point. This repre-
sents t very small improvement over the production CF6~50 engine combustor
operating ot these conditions, even though the overall dome fuel-air ratio was

markedly decreased and the combustor pressure drop substantially increased. It
was thus concluded that the local dome fuel-air ratios were not being sufficiently
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reduced and. that the mixture—residence times at these high fuel-atr ratios
were too long., Furthermore, it was also concluded that variable alrflow

geometries would-be necessary to meet idle and relight performance requirements.

In the teats of the four Double Annular Combuator configurations, the
major geometry parameter varied was imner liner dilution air location “nd
dilution airflow hole design, The NO, cmissions level was reduced when the
dilution airflow was moved upstream towards the dome. Also, the NOy emissions
level was further reduced when the dilution hole geometry was modified to
obtain greater dilution air penetration into the dome region. A maximum
reduction in.NOx emissions level of about 41 percent was obtained at the AST
cruise operating point. At the AST cruise operating point, the combustion
efficiencies of all test configurations were 99.8 percent or higher.

The results obtained with the Radial/Axial Staged Combustor configura-
tions illustrate the same relationships between combustion efficiency and NOy
emissions levels at the AST cruise conditions as were obtained with these
same configurations at the CTOL operating conditions. The NOy emission levels
varied from.about 6.5 to 9.2 g/kg fuel over the range of configuration
modifications tested at the AST cruise conditiona. A maximum NO; reduction of
about 62 percent from the level of the production CF6-50 engine combustor at
AST conditions was achieved, but with a combustion efficiency of only about
97 percent. To obtain the target combustion efficiency (99.8 percent) with
this design concept, higher pilot stage fuel-alr ratios were required and,
as the pilot stage Juel-air ratios were increased, the NOx levels were also
increased. Therefore, further design modifications that would improve main
stage combustion efficiency without a requirement for increased pilot stage
fuel-air ratios would be required to more closely app~oach the AST cruise
emissions and performance goals.

Accordingly, the Double Annular Combustor configurations were found to

provide the best combination of low NOyx emissions levels and high combustion
efficiency performance, at the specified AST crulse operating conditions.

TASK 2 — AST CRUISE DESIGNS

Based on these screening test results, two Program Element I-type and
two Program Element I1I-type combustor designs were defined as candidate
approaches for further development evaluations to approach the AST Addendum
pollutant emissions and performance goals. A description of each design is
presented in the following sections of this chapter.

Design Number 1 - Fuel Atomizer/High Flow /2-Swirl-Can
Combustor Configuration

The principle design technique used in this Program Element I-type
configuration was to provide a lean homogeneous fuel-air mixture in the dome
region with no local fuecl-air equivalence ratios above 0.76. A sket.ch of this
design is presented in Figure 65, The combustor design consisted of the
72-swirl-can dome, with counterswirl outside swirlers. In this design the
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fuel was injected into each swirl can through amall simplex pressure~atomizing
spray nozzles attached to the existing fuel injector tubes. No internal
swirlers were utilized In the swirl cans in order to obtain the highest
swirl-can airflow possible with the existing hardware. The flat plate f lame-
holders were designed to reduce the airflow around the flamcholders and

direet a greater airflow through the swirl cans. In this manner, 30 percent
of the combustor airflow was directed through the swirl cans., Thus, a 50
percent iucrease in swirl-can airflow over the previously tested swlrl-can
configurations was achieved., The outside swirlers handled an addicional 14
percent of the airflow, resulting in a total of 44 percent of the combustor
airflow through or immediately surrounding the swirl cans. With this airflow
level through the 72 cans and swirlers, an average fuel-air mixture equivalence
ratio of 0.76 at the swirl-can exit plane would result at the AST cruise point
fuel-air ratio of 0.023. The possibility of atomized fuel droplets migrating
upstream.of the combustor dome in the wakes of fuel Injector tubes was
eliminated in this design by placing the fuel spray nozzle tip downstream of
the swirl-can air metering area cross section. Therefore, with a dome desilgn
pressure drop of approximately three percent, 1t was considered unlikely that
upstream migration of fuel through this. areawould occur.

Design Number 2 - Extended Perimeter 60~-Swirl~Can
Combustor Configuration

The basic Phase L Program Swirl-Can-Modular Combustors were designed such
that the overall dome fuel-air equivalence ratios in the order of 0.43 resulted
at the AST cruise point conditions, with the assumption of homogeneous mixing.
However, the basic Phase I Program test results showed that some of the dome
airflow passing around the flame stabilizers was not mixing homogeneously with
the fuel and swirl~can air mixtures. In AST Cruise Design Number 1, lean
homogeneous dome mixtures were created by employing pressure-atomized fuel
and. greatly increased airflow through the swirl camns. In this second Program
Element I-type design (AST Cruise Design Number 2), lean homogeneous mixtures
were created by significantly increasing the wetted perimeter of the flat plate
flame stabilizers of the standard 60-swirl-can combustor. A sketch of this
desigr is presented in Figure 66.

The basic flat plate flame stabilizer for the swirl-can configurations
was trapezoidal in shape with the overall blockage being selected to control
dome pressure drop. The flat flameholder design was modified for this design
to redistribute the dom~ open area by adding a series of radial slot openings
in each flameholder. In this manner, the wetted perimeter was increased to
approximately three times that cf previous configurations with the same overall
blockage. This design feature was intended to redistribute the flameholder
bypass airflow more effectively, relative to the swirl-can exit fuel-alr mix-
ture flow, and thus create a morec uniform lean dome fuel-air ratio mixture.
The 60-swirl-can dome array was used in this design because it provided the
largest wetted perimeter. In this design, the wetted perimeter was increased
approximately 50 percent, for the same blockage pressure loss, over those of
the previously tested swirl-can combustor configurations.
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Deglgn Number 3 - Double Annular Combustor Configuration

The Double Annular Combustor configuration screening test results showed
that biasing both the fuel and the air flows to the inner annulus, such that
lean dome fuel-air ratios were obtained in both annull and such that short
reaction residence times were obtained 1n the inner annulus dome, produced
reduced NOyx emissions levels. Therefore, the AST Cruise Design Number 3 was
designed to further reduce the residence time in the inner annulus., This was-
accomplished by further biasing the airflow towards the inner annulus and
modifying the dilution air entry array of the immer annulus. A sketch of
this Program Element IJ-type design is presented in Figure 67, Dilution holes
in the centerbody in combination with thimbled dilution holes in the first
immer liner panel were employed. The centerbody dilution holes were intended
to further increase early air penetration and to provide more rapid fuel and
air mixing.

Desipgn Number 4 - Radial/Axial Staged Combustor Configuration

The Radial/Axial Staged Combustor configuration screening results showed
that the airflow split between the pilot and main stages affected both the
NQy emissions levels and the overall combustion efficiency performence levels.
These results also showed that-increases in the pillot stage fuel-air ratio
improved combustion efficiency but that, to obtain low NOy levels, the pilot
stage had to be operated very lean and/or that most of the total fuel flow
had to be introduced into the main stage. The AST Cruise Design Number 4 was
defined using correlations of these data as guidelines. A sketch of this
second Program Element 1I-type combustor design is presented in Figure 68. The
two key design features of this configuration were: 1) a further decrease in
pilot airflow rate, to permit a reduction in the amount of fuel introduced
into this stage; and, 2) the addition of tuming vanes in the main stage air
chutes, The pilot airflow was reduced to approximately eight perceant of the
total combustor airflow, which was considered to be a limiting value without
major new hardware fabrication efforts. The turning vanes were added to reduce
stratification between the pilot stage gases and the main stage flow. The
design intent was to achieve an earlier ignition.of_the main stage fuel-air
wixtures by turning the flow inward to mix with the higher temperature pilot
stage combustion gases.. Since the wmain stage combustion efflciency was found
to be highly dependent on the pilot stage fuel-air ratio, or temperature level,
this dependence was interpreted to be due to a main stage mixture ignition
delay effect. Therefore, it was expected that the turning vanes would improve
main stage combustion efficlency without increasing NOo, emissions.

Test Results

From these four designs, one Program Elemeat I-type design and one
Program Element II-type design were subsequently selected for fabrication and
test. Assessments of these designs suggested that Design 2 of Element I-types
and Design 4 of the Element 1l1-types offered the greatest potential for
providing possible significant further reductions in NOy emissions levels at
the AST cruise operating conditions, These two designs were incorporated into
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the existing basic Phase I Program hardware., Teats of these two configurations
(Configuration ITT-1 and 11I-2) were then conducted both at the apecified AST
crulse conditlions and at the CF6-50 combustor operating conditions, The
results of the AST tests are inclwted In Table XLIII, In additica, Designs 2
and 3 were also pursued as candidate designs in the baslc program. In the
basic Phase T Program, both of these designs were built and tested as Configu-
rations I-16 and 11-16. As a part of these latter tests, piggybacked
evaluations at the AST cruise operating conditions were included. Thus, tests
of these two configurations were conducted as a part of the Task 1 screening
tests, in which.l3 confipurations werc evaluated, in piggybacked tests, at

the specified AST cruise conditions. The AST cruisc data obtained with these
two test configurations are alsc included in Table XLIII.

Comparisons of the Task 1 and 2 test results showed that Design Number
1 (Configuration I-16) produced a NOy emissions level reduction of about 21
percent, relative to that of the production CF6-50 engine combustor. AST
Cruise Design Number 2 (Configuration III-1) produced a reduction of about
12 percent. Thus, Design Number 1, utilizing pressure-atomizing fuel spray
nozzles, produced the lowest NOy emissions of all the Swirl-Can-Modular
configurations tested at the specified AST operating conditions.

The design intent of the AST Cruise Design Number 3 (Configuration 11-16)
was to further bias the airflow split and to increase dome wixing in the
inner annulus. The results obtained with this design are presented in Figure
69. A 49 percent reduction in NO, emissions level was obtained relative to
that of the production CF6-50 engine combustor. Each configuration modifica-
tion to this combustor concept did result in progressively lower NO, emissions
levels, with no decrease in combustion efficiency. Thus, the Double Annular
combustor design approach was found to provide the best overall emissions and
performance characteristics at the specified AST operating conditions,

The AST Cruise Design Number 4 (Configuration III-1) was a modified
Radial/Axial Staged Combustor configuration. The intent of this design was
to improve the main stage combustion efficlency by increasing the degree of
mixing between the pilot exhaust gases and the main stage mixture. With this
design, the overall combustion efficiency was significantly improved. However,
its NOx levels were not significantly different from those of the previously
tested confligurations. The resulting improved trade off between combustion
efficlency and NOx levels is 1llustrated in Flgure 70, 1t 1s clear from
these data that for a given NOy level, a higher combustion efficiency was
achieved with the AST Cruise Design Number 4. However, at the target combus-
tion efficiency level, the NOy emissions level of this configuration was
about the same as that of the current production CF6~50 engine combustor.

Based on thesc results, it appears that further improvement iz feasible
with this combustor concept, Since the data show that combustion performance
1s gensitive to the mixing interrelation between the pilot stage and main stage
gases, confipuration development would logicaily include pllot stage regizing
studies and the incorporation of improved mixing devices in the main stage,
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TASK 3 - AST ENGINE CONCEPT DESIGNS

Numerous engine designs have been studied at General Electric for future
AST application, including both augmented and nonaugmented turbojet and turbo-
fan engines., For use in conducting these Task 3 design studies, a dual-rotor
turbojet engine, which had been previously defined as a part of the General
Electric "Advanced Supersonic Propulsion System Technology Study" (Contract
NAS3-16950), was selected as the reference engine. The combustor operating
conditions of this engine cycle closely approximated the nominal values
specified by NASA for use in conducting these design studies. The key
combustor operating parameters for this.selected engine cycle are summarized
in Table XLIV.

Based on the results of the Task 1 and 2 design and development efforts,
two advanced combustor design approaches, the Double Annular and the Radial/
Axial Staged Combustor concepts, were selected for.the Task 3 design studies.
A configuration of each kind, sized to fit within the selected dual-rotor
turbojet engine combustor flowpath, was defined. The combustors were aexro—
dynamically sized for sea level static takeoff engine operating conditions
consistent with normal engine design practice. However, the inclusion of key
geometrical features for controlling the fuel-air mixing process in the manner
required to reduce NO, emissions at the AST cruise conditions was the primary

consideration in these design efforts.

Radial/Axial Staged Combustor Design Concept

The previously designed and tested Radial/Axial Staged Combustors of this
program were design-constrained by the existing envelope of the CF6-50 engine.
Thus, no changes to the existing engine diffuser design were made. However, for
the AST engine design applications, the diffuser and. combustor were treated as
an integral design problem. Accordingly, a more optimum diffuser/combustor
combination was designed to fit within the combustor flowpath boundaries.

The diffuser/combustor flowpath layout for the Radial/Axial Staged
Combustor installed in the AST dual-rotor turbojet engine configuration is
presented in Figure 71, This integrated design concept results in a short
length combustion system with very low diffuser pressure loages. This feature
provides the potential advantage of converting the pressure gained for addi-
tional fuel-air mixing which may be required during combustor development to
achieve the low pollutant emission and performance goals.

The diffuser design consists of two separate parallel diffuser systems.
Immediately downstream of the compressor exit station, the flow is divided
into two streams; the large main stage stream and the smaller pilot stage
stream. The inner diffuser flowpath and pilot stage combustor dome configura-
tions are similar to the CF6-50 engine step diffuser and combustor dome designs.
The inner passage prediffuser area ratio is 2.0 and the passage length-to-inlet
height ratio is 6.6 which places this design below the curve of no appreciable
stall on the Stanford diffuser correlations.

(2
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Table XLIV, Summary of AST FEngine Cycle Conditions,

| Engine Selected for Combustor Concept Study:
‘ Dual-Rotor Dry Turbojet (GE21/J3 Study A2(Pl); Case 2)

i
|
l
!
1 Flight Mode
|

Supersonic Cruise SLS Takeoff
Cycle Parameter .
Altitude 18,288 m 0nm
Mach...Number 2.2 0
Thrust 72,533 N 276,417 N
SFC 1.29 0.884
Wo 157.8 kg/s 358.8 kg/s
PAMB .07 atm 1.0 atm
o -]
TAHB 294° K 288° K
P3 6.6 atm 16.6 atm
T3 846° K 710°* K
1644.9° K 1535.3° K
T
4
H3 119.7 kg/s 311.6 kg/s
WC 106.1 kg/s 284.4 kg/s
fo 0.024 0.024
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The outer passage curves outward into the premixing duct of the main

{(or second) stage. An area ratio of 2.0 in this passage reduces the flow

- velocity to 91 m/s at the plane of fuel injection. The velocity level was
selected to prevent flashback or carbon formation without causing excessive
pressure losses. This diffuser design also falls below the curve of no
appreciable stall on the Stenford diffuser correlations. The fuel injector
tubes were designed into 48 large aspect ratio hollow radial struts which pass
through the outer passage near the downstream end of the outer diffuser. These
struts, which enclose both the pilot stage and second stage fuel tubes, have a
maximum thickness of 9.2 percent of the chord .length and have a total passage !
blockage ratio of 18.4 percent.. i

3 The outer diffuser flow passage was designed to have very low pressure
losses, since the wall contours are continuous with no dumping losses and the

) drag losses are minimized. This flow is accelerated across the main stage i

= flame stabilizers into the combustor with the absolute veloclty vector almost
straight downstream. é

- More rapid mixing of the pilot stage and main stage flow streams would be j

expected with appropriately designed flow turning vanes incorporated into the
flame stabilizer design. The turming vanes are not included in the conceptual
design presented since the extent of interstage mixing must first be determined
experimentally for the basic design. Acccrdingly, the addition of turning
vanes, 1f required, would be considered a development refinement.

The key design parameters of thils combustor are summarized in Table
XLV. The selection of design velocities is important for this concept.
The conventional reference velocity term is included in the table; however,
for a staged burner concept the pilot dome velocity and the main stage duct
velocity are more critical design velocity terms. Low pilot stage dome veloci-
ties have been employed to ensure high pilot stage efficiencies over the entire
engine operating cyele. The main stage flow velocities were selected consis-
tent with current afterburner design practice. Accordingly, achievement of
high performance in the main stage is critically dependent on the pilot stage
operating characteristics.

The procedure used for predicting the NOx emissions index for this Radial/
Axial Staged Combustor was based on the data correlations for both the pilot
stage and main stage burners obtained from previous testing in this program.
The calculated NO, emissions levels of this design are presented in Figure 72,
The NOyx levels are shown as a trade off with overall combustion efficiency.

As is shown, the target NO, levels are predicted, but not with the target
efficiency level of 99.8 percent. However, the attainment of the target NOy
level with a 99.8 percent efficiency is considered to be attainable with a
Radial/Axial Staged Combustor concept of this kind with further improvements
in fuel-air mixing, relative to those of the counfigurations previously tested.
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Table XLV. AST Engine Radial/Axial Staged Combustor Concept,

Combustor Design Paramecters,

Geometric

Mean Radius at Compressor OGV, cm
Annulus Height at Compressor OGV, cm

Mean Radius at Turbine Nozzle Diaphragm, cm
Annulus Height at Turbine Nozzle Diaphragm, cm

Overall Combustion Syatem Length, cm
Combustor Length, cm

Ratio of Combustor Length to Dome Height, (Pilot)
Ratio of Combustor Length to Fuel Injector
Spacing, (Pilot)

Velocities

Reference Velocity @ SLS, m/s
Reference Velocity @ Cruise, m/s

Pilot Dome Velocity @ SLS, m/s

Main Stage Duct Velocity
@ SLS (at Plane of Fuel Injector), m/s

Other Performance Parameters

Space Rate @ SLS (J/hr atm md)

Fuel Loading Parameter
(Fuel Flow per Cup per atm - Pilot,
kg/hr/cup/atin)

(1) 48 injectors
(2) with 22 percent of the fuel in the pilot stage

2.9 x 1011

6.49(2)
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NOx Emission Index, g/kg Fuel
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Dual-Rotor Turbojet
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P3 = 6.6 Atm
T3 = B48° K
f=0.024
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Fuel Flow Splits
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1
I 1
®
Design Goal
96 87 98 99

Overall Combustion Efficiency

100

Figure 72, Estimated NO, Emission Levels, Radial/Axial Staged
Combustor, AST Engine Concept Design.
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Double Annular Combustor Design Concept

The key design parameters of this combustor are summarized in Table
XLVI. The outer annulus was designed with a low dome veloclty to ensure
high combustion efficiency and, thus, low CO and HC emissions at idle power
operation. The combustor was designed to react approximately 87 percent of the
total fuel injected into the combustor in the inner annulus during high power
operation, Therefore, the NOx emissions levels of this combustor design
would be controlled by the design features of the inner annulus..._

The diffuser design selected for this combustor is a short length step
diffuser configuration with a central annular splitter vane. The splitter
vane divides the flow into twe passages with the cuter passage flow directed
to the outer annulus combustor dome and the inner passage flow directed to the
inner annulus combustor dome. With this configuration, each combustor dome
recovers a large proportion of the prediffuser exit velocity head, A flowpath
design layout fnr this Double Annular Combustor. configuration installed in the
AST. dual-rotor turbojet engine is presented in Figure 73.

For a given prediffuser passage length-to-inlet height ratio, which is
the basis of the Stanford diffuser correlations, the diffuser splitter vane
shown reduces the length of the prediffuser. The area ratlo of each passage
was set at 2.0, and the passage length-to-inlet height was selected to place
each passage below the curve of no appreciable stall on the Stanford diffuser
correlations,

The estimated NOy; emissions levels and combustion efficiency levels of
this Double Annular Combustor concept were based on performance measurements
obtained with the Double Annular Combustor configurations previously tested
in this program. The Double Annular Combustor configurations consistently
produced high values of combustion efficiency. The efficiency remained high
for either annulus operated separately or combined, Furthermore, significant
reductions in NO, emissions were achieved when dilution airflow was moved
upstream in the inner annulus. It was concluded from those test results that
reduced residence times in the inner annulus 1s a key parameter for reducing
NOy emission levels. Accordingly, this Double Annular Combustor was designed
with a moderately high inner annulus dome velocity. Its estimated NOy emisaion
levels were specifically calculated by using the emissions level data obtained
at the AST cruise condition with Configuration IT-13, The estimated NOy level
at the selected AST cruise design point is 6.5 g/kg fuel. However, if the
inner annulus liner dilution air entry station can be successfully moved
further upstream, the estimated NOy emissions achievable would be lowered to
5.0 g/kg fuel., The final relationship between dilution air entry design, com-
bustion efficiencyand NO, emissions level would of necessity be defined
during the development testing of the combustor. However, it is reasonable to
expect that this combustor concept potentially could be developed with NO,
emissions levels approaching 5.0 g/kg fuel at the AST cruise operating condi-
tions, as defined in Table XLIV.

183

e S

R P Y '= ‘.- o kil el i . TL TN

L adites iaay




184

Table XLVI, AST Engine Double Annular Combustor Concept,
Combustor Design Parameters,

Geometric
Mean Radius at Compressor 0GV, cm 53.98
Annulus Height at Compressor 0GV, cm 1.29
Mean Radius at Turbine Nozzle Diaphragm, cm 69,34
Annulus.Height at Turbine Nozzle..Diaphragm, cm 13.72
Overall Combustion System Length, cm 68.33
Combustor Length, cm 35.56
Centerbody Length, cn 10.67
Ratio of Combustion System Length to Dome Height

Quter 2,73 (H=14.0 cm)

Inner —_ 2.38 (H=16.0 cm)
Ratio of Combustor Length to Fuel Injector
Spacing(l)

Outer 5.6

Inner 5.35
Velocities
Reference Velocity € SLS, m/s 27.4
Reference Velocity @ Cruise, m/s 31.4
Pilot Dome Velocity @ SLS, w/s 10.4(2)
Main Stage Dome Velocity @ SLS, m/s __ 33.8(2)

Other Performance Parameters

Space Rate @ SLS (J/hr atm m3) 1.9.x 1011
Fuel Loading Parameter(g)(Fuel Flow per Cup per atm
kg/hr/cup/atm)
Outer Annulus 14.0
Inner Annulus 95.8

(1) 60 injectors
(2) Based on swirler plus dome cooling flow

(3) With 22 percent of the fuel in the outer annulus
and 60 injectors in each annulus
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APPENDIX A

DESCRIPTION OF CFb-50 COMBUSTOR

This appendix contains additional informatilon concerning the design of
the current production CF6-50 engine combustor and the designs of the fuel
control and supply systems used with this combustor. This material is
intended as a supplement to the related descriptive material presented in
Chapter II.

The current production CF6-50 combustor is an annular design and con-
tains 30 fuel nozzles. An axial swirler cup is used with each fuel nozzle.
A cross-sectional drawing of this. combustor, as installed in the engine, is
presented in Figure 3 and a photograph is presented ‘n Figure 4. The com-
bustor consists of four major sections which are riveted together into one
unit and spot-welded to prevent rivet loss: the cowl assembly, the dowe
assembly and the inner and outer liner skirts. The combustor is mouated at
the cowl assembly by 30 equally-spaced radial mounting pins, Mounting the
combustor at the cowl assembly provides accurate control of diffuser dimen-
sions and eliminates changes in the diffuser flow pattern due to axial
thermal growth. The inner and outer skirts each consist of a series of cir-
cumferentially stacked rings which are joined by resistance welded and brazed
joints. - The liners are film cooled by air which enters each ring through
closely spaced circumferential holes. Three axial planes of dilution holes
on the outer skirt and five planes on the inner skirt are employed to promote
additional mixing and to lower the exit temperatures at the turbine imlet.

At the engine compressor discharge plane, the Mach number is 0.27 (with
a discharge coefficient of 0.90). This high velocity flow is diffused
through an area ratio of 2.0 in a relatively long, area-rule puvediffuser.
Ten large frame struts pass through the diffuser near the aft end of the
prediffuser passage. The prediffuser walls are contoured to area-rule the
passage around these airfoil shaped strut sections, This area ruling mini-
mizes strut wakes and strut-wall interference effects. The passage area is
then held constant for a distance of about 5.1 cm downstream of the strut
trailing edges to mix out any remalning strut wakes. This design approach-
has proved to be very successful. Test results show that the strut wakes
cannot be detected in the inner and outer passage alrflows or in the temper-
ature distributions at the combustor exit plane.

At the exit end of the prediffuser passage, the flow is dumped into the
combustion chamber at a low Mach number and with low pressure losses. The
flow is then divided into three streams. The inner and outer streams are
accelerated smoothly around the combustor cowling contours intc the inner and
outer liner passages. The center stream enters the cowling and, in turn,
flows into the combustor primary zone. The cowling opening is oversized to
provide free stream diffusion of the dome flow, which increases the static
pressure recovery ahead of the dome. This feature results in high pressure
recoveries in this center stream and, therefore, in higher pressure drops and
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A schematle of the CF6-50 cngine fuel system 1s shown in Figure 74. The
maln engine coatrol is a hydromechanical unit which meters combustor fuel
flow to maintain the desired engine speed seleeted by the throttle. The
response of the control to power demand inputs 1s continuously biased by
compressor inlet temperature, compressor discharge pressure, and core engine
rotor speed. Metered fuel from the control flows through the fuel manifold
into 30 fuel nozzles. The fuel nozzles are the dual-orifice type with an
integral flow divider., A diagram of the fuel nozzle assembly is shown in
Figure 75. The dual-orifice nozzle system provides primary and secondary
flows for proper fuel atomization during all phases of engine operation. The —.-.
30 fuel nozzles are individually installed through pads in the compressor
rear frame.

The fuel manifold is a single-tube unit which distributes the metered
: fuel to the 30 fuel nozzles. A schematic of the CF6-50 fuel manifold 1s
! shown in Figure 76. The assembly, including the 30 feeder tubes, iz shrouded
i for protection against fire and high pressure leaks. 1t is divided into
right and left halves, each of which supplies 15 feeder tubes. The manifold ——.
: is supplied by a single tube which enters the core engine compartment from
i the fan accessory compartment through a sealed junction trap.

The inner and outer combustor liner shells join the dome structure at
the forward end of the shells. These liner shells are film cooled with a
“stacked ring" structure. The fiiwm cooling features of this desigi maintain
the average peak metal temperatures in the various.cooling rings at or below
1088° K. _The outer shell has three bands of dilution holes and the inner
shell has four bands of dilution holes. These holes are carefu:ly sized and
placed to provide the required turbine inlet temperature profile and the
lowest possible pattern factor. The mechanical and structural features of
these liners are designed to meet extended cyclic life requirements. The
total life requirements of this design are as follows:

Operating Hours 18,000
Thermal Cycles* 30,000
i Normal Maintenance & Repair Hours 6,000
i Normal Maintenance & Repair Thermal Hours 12,000

* Two Thermal Cycles per Flight Cycle
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APPENDIX B

POLLUTANT EMISSIONS SAMPLING/ANALYSTS SYSTEM AND ASSOCIATED TESTING PROCEDURES

Thiz appendix contains additional information concerning the equipment and
procedures used to measure the pollutant emlssions characteristics of the
various combustor test configurations. This infcrmation is intended as a
supplement to the related descriptive material presented in Chapter II.

EXHAUST GAS ANALYSIS EQUIPMENT

The pollutant emissions data were obtained in this program with an on-line
gas analysis system, With this system, vxhaust gas sample streams were con-
tinuously processed and the C0p, CO, HC, smoke, NO and NO2 concentrations
were continuously determined. A flow diagram of the system is shown in Figure
21, A photograph of the on-line gas analysis system installation used in the
Phase I Program is shown in Figure 77.. The five basic instruments for measuring
the gaseous emissions concentrations in this on-line system are a flame ioniza-
tion detector (FID) for measurements of the total HC concentrations, two non-
dispersive infrared (NDIR) analyzers for measurements of the CO and CO3 concen-
trations and a heated chemiluminescence analyzer for measuring the NO and NO2
concentrations.

A Beckman model 402 flame ionization detector 1s utilized in this system,
This analyzer was designed specifically for determining the total HC concentra-
tions in gas turbine engine exhaust gases. It consists of a heated inlet sample
line, an ionization analyzer module, and an electrometer amplifier module.

The nondispersive infrared (NDIR) analyzers used in this system to measure
CO and CO2 concentrations are Beckman models 315B and 864, respectively. A
water trap is installed upstream of the analyzers to provide dry samples for
analysis.

The chemiluminescence analyzer used to measure NO and NO2 concentrations
is a Beckman model 951 instrument. The NO in the sample gas is measured
directly with this instrument. The internal temperature of the analyzer flow-
paths is controlled at about 328° K to prevent moisture condensation within
the system. The measurement of the total N0, concentration of the exhaust
gas 1s accomplished by the use of a thermal converter. With this device, NO2
in the gas sample is reduced to NO and oxygen as a result of heating the sample
to a prescribed temperature for a given period of time. When the sample
leaving the converter is passed through the NO analyzer, a reading is obtained
that is equal to the NOy concentration (the sum of the newly formed NO plus
the NO present in the original stream).

None of the foregoing analyzers measures quantitatively without being
calibrated, There is no electrical calihration signal that can be used to
gimulate an actual reading, such as millivolt simulation for temperature in
the case of thermocouples, The standard General Electric analyzer calibration
procedures were used throughout the program, These calibration procedures
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General Electric Emissions Measurement System.

Figure 77.
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Involve the use of calibration gases having nominal concentrations of CO, NO,
NO2 and propane in nitrogen and oxygen mixtures which are obtained from an
appropriate vendor, The vendor prepares the mixture of the gases by the use

of partial pressures or gravimetrically and then analyzes the gas in the bottle,
The precision of the calibration procedure is obtained by requiring the supplier
to guarantee that all of the constituents in the hottle are within five percent
of the nominal value specified and that the accuracy of the analyses meets the
following criteria:

Constituent Concentration Range Analysis Accuracy

10 - 15% + 2% Relative
50 ppm - 10% + 3% Relative
10 ppm -~ 50 ppm + 5% Relative

In addition, helium, argon, and other impurities must be held to a minimum
and be listed in the chemical analyses if aver .10 ppm.

The zero on each NDIR instrument is set by using dry nitrogen, which has
been checked for the absence of Hy, CO, COp, and NO, All of the NDIR dual
cell instruments have three full-scale ranges per cell which makes a total of
s81x scale ranges available. The COy analvzer is a single-cell instrument
having only three scale ranges available. Range 1 is the least sensitive, the
second range can be set up to three times the first range, and the third range
can be set up to nine times the first range. The zero of the FID analyzer was
set by using ultrapure hreathine air,

The €O, CO2, HC and NOx analyzers were electronically integrated with the
test cell digital data acquisition system. At each test condition, this
digital system automatically scanned the numerous combustor. operating
parameters being monitored and converted the amplified DC signals of each
measurement to digital form, These data were recorded on a printed paper
tape and simultaneously transmitted to an on-line computer. Thus, at each
traverse position, the outputs of these on-line emissions analyzers were
automatically recorded and transmitted to the computer along with the normal
combustor operating data.

A new emissions data reduction program was developed for use in this Phase
I Program and was incorporated into the existing CF6-50 combustor performance
data reduction program., This new data reduction program provided on-line
calculations of the exhaust emissions concentrations, the various emissions
indices, gas sample combustion efficiency values and the gas sample fuel-air
ratio value at each traverse position for any given test condition. The
output from this data reduction program was transmitted back to the test cell
teletype, and the reduced data were, thus, available shortly after the comple-
tion of a test point, With this automatic emissions data aquisition system,
a normal 12-position manifolded traverse could be completed in about 15
minutes. Within another 10 to 15 minutes, the measured emissions levels and
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combustor performance data were available within the test cell. An overall
schematic of the emissions data acquisition system 1s shown in Figure 78.
The gaseous emissions sampling equipment used in this program was iun general
conformance with the SAE ARP 1256 guidelines, except for the use of a chemi-~
luminescent NOx analyzer,

Smoke emissions were measured in this program using the standard General
Electric filter stain methed. With this method, a measured volume of sample
gas is drawn through a filter paper. The smoke particulates filtered out of
the sample gas leave a black stain on the white paper. The "blackness” of the
spot is measured on a reflection densitometer. The densitometer is calibrated
against absolute reflectance standarda. Readings are converted to & sample
flow flux of (1.0016 kg of exhaust gas per square cm of filter paper before
computing to provide a smoke emission value in terms of the SAE Smoke Number.
The entire General Electric smoke measurement system is packaged into a por-
table console that also contains a pump, contrcl valves, and flow metering
devices, One of the smoke measurement consoles is shown in Figure 79 and a
flow diagram is shown in Figure 80. This. General Electric smoke measurement
technique is in conformance with SAE ARP 1179,

EXHAUST GAS SAMPLING ENUIPMENT

-

The gas sample rakes used in this program contained multielement, quick-
quenching probes which utilized both.water cooling of the probe body and steam
heating of the sample lines within the probe, Each rake contained five individual
probes ,or elements, and each element was led out .of the rake._separately. There
was no common manifolding of these sample lines within the sampling rake. The
tips of each of the-e sampling elements, shown in Figure 81, were designed to
quench the chemical reactions of the extracted gas sample as soon as the sample
entered the rake. This quenching, or freezing, of the reactions was necessary
to eliminate the-possibility of further reactions within the sample lines.

Water cooling of the rake body was required to maintain the mechanical integrity
of the rakes in the high temperature, high pressure environment in which they
operated, Steam heating of the sample lines within the rake, on the other hand,
was needed to maintain these sample lines at a temperature high enough to pre- 3
vent condensation of hydrocarbon compounds and water vapor within the sample

lines. A schematic of the steam~heated/water-cooled feature of these gas

sample rakes is shown in Figure 19,

il il

With 5 sampling rakes with 5 elements each, a total of 25 gas sampling
locations existed within the combustor exit plane at each angular position of
the traverse assembly. Of the 25 available probe elements, however, only 15
were used for gaseous emissions sampling, with the remaining 10 elements used
for combustor exit pressure measurements and smoke emission sampling. A
gselector valve in each of these latter ten sample lines allowed either smoke
or exit pressure to be read at any selected angular position, The individual
rake elements selected for the gas sampling measurements are shown in Figure 20,

During each survey of the combustor exit plane, the combustor exit pres-
sure was determined at only the first rake position, and smoke was measured
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during the remainder of the survey, Gascous ecmissions were measured at each
rake position of the survey. As a result, oxlt pressure, smoke, and paseous
emisslons data were obtained {tom numerous locations with the combustor exit
plane, as shown in Figures 82, 83 and 84, 1In this manner, a very detailed and
accurate measure of rhe emisslons levels was obtalned at each test condition.

After leaving the rakes, the individual gas sample lines werc led to a
gerles of selectur valves and then to the emissions analyzers located within .
to the test cell., These sample lines were grouped into bundles of filve lines
(one bundle for each gas zample rake), and each bundle was steam—traced from
the probes to the analyzers, as shown in Figure 85, to maintain the sample
line temperatures near 422° K, Each sample line was constructed of 0.64-cm
diameter, 0,089-cm wall stainless steel tubing. Two thermocouples were
installed in each tube bhundle, as shown in Figure 85, to monitor the tempera-
ture. of the steam used for heating the sample lines, In addition, one sample
line from each bhundle was instrumented to provide a measurement of the pressure
within. the sample line., This pressure measurement provided assurance that
sufficient flow was bheing drawn through the sample lines to auench the reactions
at the probe tips,

In the test cell control room, the 25 individual sample lines were con-
nected to a group of 3-way selector valves, as shown in Figure 86. At this
ranel, the ten smoke/pressure elements were separated (by the valving arrange~
ment) from the gaseous emissions elements. By manipulation of the appropriate
valves, any Individual element or any desired combination of elements could
be selected for the gaseous emissions measurements. The normal procedure used
was to manifold all 15 gas sample elements together at this control valve
panzl, thereby supplying 1 average gas sample to the emissions analyzers at
each traverse position. This manifolding procedure was a very fast method of
determining the average level of the various emissions at the circumferential
traverse position and alleviated the need to analyze each sample individually
at every traverse position of a given test condition,

EXHAUST GAS SAMPLING PROCEDURES

Because of the wide variations in fuel staging techniques which were in-
vestigated as a part of this program, various exhaust gas sample manifolding
techniques were employed. The normal procedure was to manifold together only
gas samples which had nrearly equal sample densities, in order to provide
properly weighted results, During normal fueling points (combustor fueled
uniformly) all the various gas samples could be manifolded together. On
points where only one annulus, or stage, was fueled, only samples from the
same radial immersion were combined, due to the large radial gradients which
could exist. On points where only a sector of the ccmbustor was fueled, only
samples taken from the same circumferential positiun were manifolded together
because of the strong circumferential variations,

During these tests, one of the followlng sampling modes was used on every
test point for determining the gaseous pollutant emissions concentrations:
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Figure 82, Smoke Sample Measurement Locations, Combustor Exit
Plane, Aft Looking Forward,
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Figure 83, Gaseous Emissions Sample Measurement Locations, Combustor
Exit Plane, Aft looking Forward,
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. Normal Sampling Mode - In this mode, which was used for ahout 75
percent of all test points, all of the 15 available gas sample lines
were manifolded together, and 1 average gas sample war supplied to
the emissions analyzers at each traverse posaition of a test point,
This technique was usually employed whenever both annuli, or stages, __
of the combustor were fueled and_ the combustor exit temperature
distribution was relatively uniform,

. Radial Immersion Sampling Mode~ In this mode, which was used for
about 20 percent of all test points, only gas samples extracted from
the same radial immersion were manifolded together. The three
sample lines from the first radial immersion were manifolded to-
gether, and the exhaust plane was sampled at four rake traverse
positions. The traverse was then returned to its original position,
the first immersion sample lines were valved to a vent manifold, and
the three sample lines from the second radial immersion were sampled
together at four traverse positions. This process was repeated until
all five radial immersions had been gampled at four traverse positions.
This sampling mode was usually used when fuel was supplied to only
one annulus or stage of the combustor. Upon occasion, this sampling
mode was also employed on points where the combustors were fueled
uniformly, in order to obtain detailed emission profile data from
the combustor exit plane. Points which were sampled both in this
manner and in the normal sampling mode showed very good agreement
with_respect to measured average emissions levels

. Individual Rake Sampling Mode - In this sampling mode, used almost
exclusively for sector fuel staging test points, the gas samples
from only one exit gas sample rake were manifolded together and
samples were taken at 12 rake positions. The traverse was then
returned to its original position, and all the elements from a
second rake were manifolded together and sampled over 12 rake
positions. This process was then repeated until all the desired area
in the exit plane had been surveyed. Usually, however, only two
rakes were sampled., One rake, which began its traverse in a non~
fueled region and ended its traverse in a fueled region, was sampled
to define the hot/cold zone interface. Another rake, whose entire
traverse was in a fueled region, was also sampled to define the
emissions levels within the burning zones.

. High Density Sampling Mode ~ This mode, which was. used infrequently,
1s identical to the normal sampling mode, except that the fully nani-
folded samples were extracted at 24 rake positions (3 degrees apart)
in the combustor exit plane, instead of Just 12 positions. This
technique was generally used to better define the pattern and profile
factors for the test condition, and to provide a denser collection of
gas samples from which to determine the average emissions levels. The
emissions levels determined from the normal mode and the high density
mode were usually in excellent agreement.
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during some of these combustor tests, smoke emissions levels were also
measured at selected test points of interest. These levels were generally
not measured on tests where the maximum combustor inlet pressure level was
less than seven atmospheres, since the smoke levels at such low pressure
levels would be too low to be accurately determined, The smoke levels of the
CF6-50 production combustor are already very low ard the smoke levels of the
various Phase I Program configurations were expected to be even lower., Thus,
smoke emissions characteristics were generally not considered to be of
concern., On those conditions where smoke data were acquired, samples were
extracted from the combustor exit plane with ten elements, as shown in Figure
20. These ten elements were manifolded together to provide one average sample
to the smoke measurement consol., At least three smoke spots were taken at
each test condition and the average SAE Smoke Number for this operating point
was_determined from the average of these three spots.

The normal General Electric procedure for measuring smoke leveis is to.
extract several 0.0057 cubic meter samples, but due to the low smoke levels of
most of the combustor configurations of this program, larger samples of 0.0198
cubic meters were used. With this size sample, more accurate reflectance
measurements could be obtained because the spots were darker. This is also
about the largest size spot which could be used to obtain three smoke spots in
the time required for a normal traverse of the combustor exit plane.
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APPENDIX €

SUMMARY OF TEST RESULTS

This appendix contains summaries of the operating conditions, combustor.
performance data and exhaust emissions data.of each test conducted during this
entire program, including the tests conducted as a part of the AST Addendum.
These tables are ordered according to Program Element and configuration number
within each element. Descriptions of each of the various test configurations
and the key results obtained with these configurations are presented in
Chapters III and 1IV.

The sequence in which the tests were conducted is presented in Table
XLVIL. All of the data obtained in these tests are summarized in this
appendix. All.of the NOy data are presented in two forms, as measured and
adjusted to the hot day SLS takeoff operating conditions of -the CF6~50
engine. All of the data in these tables, except in the two tables ceontaining
ignition data, are grouped according to simulated engine power setting. The
nominal combustor inlet total temperature for CF6-50 standard day idle, CF6-50
hot day approach, CF6-50 hot day climbout, CF6-30 standard day takeoff, CF6-50
h>t day takeoff, CF6-50 standard day cruise and. AST cruise are 454, €61,

825, 810, 858, 733 and 833° K, respectively. With the use of these nominal tempe
ature values, the intended combustor operating condition may be ascertained

for the various test points contained in the data summary tables. Addicional
information on the operating conditions used in conducting the elevated

pressure tests is presented in Table VI of Chapter IL.

The actual measured total pressure loss values are presented in the.
data tables. In the assessments of these data, which are presented in
Chapters III and IV, these measured pressure loss data were adjusted using
conventional corrections to the proper combustor reference Mach number and
temperature rise ratio whenever the test conditions did pot duplicate the
CF6-50 engine combustor operating conditions.

In the data tables, only the measured combustor airflows are shown
for the sake of brevity. In conducting the tests, the total airflow and
the bleed airflows were actually measured and the combustor airflow was
obtained as the difference between these two measured values. Nominally,
the combustor airflow was 84 percent of the total inlet airflow.
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Table XLVII, Experimental Clean Combustor Program Test Sequence.

Maximum
Test Conditions
Final Attained
Run_ Test Configuration AST Cruise Noise Reading Ty Py
No, Date Number Test Points Measurements _Number °K atm
1 10/15/73 11-1 11 462 3.4
: 2 10/16 IT-1 16 459 3.4
v 3 10/17 I1-1 27 713 9.5
: 4 10/18 Ii-1 45 860 9.6
. 5 10/22 I-1 61 673 7.3 (1)
5 6 1l1/1 I-2 70 825 3.5 (1)
' 7 11/24 I-3 83 661 7.2 (1)
‘ 8 11/26 I-4 97 456 3.4
9 11/29 11-2 Yes 126 860 9.6
10 12/10 I-5 146 864 4.8
- I _1/17/74 II-3 162 859 4.8
‘ 12 1/22 I-6 176 856 4.8
o ! 13 1/26 I1~-4 195 859 4.8
- ‘ 14 1/29 I-7 20% 823 4.8
: ' 15 /31 11I-5 218 855 11.5
16 2/5 I1-6 237 734 4.8
: ‘ 17a 3/1 I1-7 242 455 3.4
e 17 3/4 11-7 Yes 286 832 6.9
: ‘ 18 3/7 I1-8 303 739 4.8 (1)
; 19 3/22 I-8 Yes Yes 335 856 6.8
T 20 3/27 I-9 358 861 4.8
' 21 4/1 11-9 Yes Yes 386 863 7.2
22 4/4 I1-10 Yes 415 836 6.9
23 4/9 I-10 Yes 449 860 4.8
24 4/17 1I-11 Yes Yes 473 857 6.8
25 4f22 I-11 496 716 4.8 (1)
26 4/26 I1-12 Yes 516 868 4.8
27 4/2¢9 II-12 Yes Yes 526 859 7.1
28 5/1 I-12 Yes Yes 559 860 6.8
29 5/3 11-13 Yes 58¢ 865 6.7
30 547 11-14 Yes 614 858 7.3
1 5/10 1-13 634 826 4.8 (1)
32 5/14 1115 4 301 1.0 (&)
33 5/15 1I-15 668 857 9.5
34 5/17 11-15 682 851 9.6
35 5/22 I-14 Yas 708 788 4.8 (1)
36 5/24 11~16 711 298 1.0 (2)
37 5/28 11-16 Yes 746 859 4.8
38 6/5 I-15 4 294 1.0 (2)
33 6/5 I-15 766 868 3.4
40 6/10 I-15 768 885 6.7 (3)
41 6/13 111-1 Y8 Yes 793 865 6.8
42 6/18 1-16 Yes Yes 806 828 4.8 (3)
43 6/27 111-2 Yes 837 863 6.9

(1) HMaximum test conditions limited by combustor metal temperatures.
(2) 1ignition test.
(3) Maximum test conditions limited by upstream burning.
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